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ABSTRACT 

Rats  on  a  rilioflavin-doficicnt  diot  eontainiiijr  the  riboflavin  iintaKonist, 
nalartoflavin,  lost  tho  ability  to  rosiiond  to  the  stress  of  unilateral  adrenalee- 
tomy,  as  measured  by  the  deerease  in  aseorbic  aeid  (AAA)  in  the  eontndateral 
adrenal.  This  iiniiairinent  was  noted  in  10  days  at  an  initial  body  weight  of  SO 
I'm.,  22  days  at  100  gm.,  and  35  days  at  200  gm.  .\dditional  stresses  sueh  as 
loss  of  the  tail  and  removal  of  0.5  ml  of  blood  were  likewise  incajiable  of  eausing 
a  deerease  in  .\.\.V  in  the  defieient  animals.  However,  extensive'  laparotomy  did 
result  in  a  deerease  in  suggesting  that  the  iiituitary-adrenoeortieal  sys¬ 

tem  in  these  animals  was  still  resjionsive  to  severe  stress. 

The  imiiairment  in  adrenal  response  was  noted  in  rats  maintained  on  both 
high  carbohydrate  and  high  jirotein  diets  containing  galactoflavin  and  deficient 
in  riboflavin.  However,  jiair-weighed  controls  receiving  a  complete,  galacto- 
flavin-free  diet  also  exhibited  an  impaired  response.  Riboflavin  injection  before 
unilateral  adrenalectomy  did  not  restore  the  response  of  the  deficient  animals. 
Feeding  a  comiflete  diet  for  two  days  to  riboflavin-deficient  rats  restored  the 
response  as  did  nd  libitum  feeding  of  the  riboflavin-deficient  diet  to  pair-weighed 
control  rats  for  three  days.  Weanling  rats  i)laced  on  high  carbohydrate  ribo¬ 
flavin-deficient  diets  for  82  days  gave  a  significant  decrease  in  .\.V.V  to  unilatc'ral 
adrenalectomy.  .Although  unimblished  results  from  this  laboratory  and  pub¬ 
lished  results  by  Forker  and  Morgan  indicate*  that  riboflavin  is  essential  for  the 
release  of  .\.\.\  under  certain  conditions,  the  data  in  this  i)aper  suggest  that 
dietary  factors  other  than  riboflavin  may  be  more  important  in  the  .V.\A 
response  to  stre'ss. 

Received  September  26,  1958. 

‘  These  investigations  were  aided  by  a  contract  between  the  Office  of  Naval  Re.search. 
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grants  from  the  National  Science  Foundation  (G-1293)  and  the  Division  of  Research 
Grants,  National  Institutes  of  Health,  U.  S.  Public  H('alth  Service  (RG-3869). 

*  Present  address:  Department  of  Psychiatry. 


731 


732 


SLATER 


Voltnne  65 


FOliKHH  and  Morgan  (1)  demonstrated  that  rats  maintained  on  a 
riboflavin-deficient  diet  lost  their  ability  to  respond  to  the  stress  of 
anoxia  with  a  depletion  of  adrenal  ascorbic  acid  (AAA).  Since  the  AAA  re¬ 
sponse  to  corticotropin  (ACTH)  was  retained,  these  authors  concluded 
that  the  biochemical  lesion  responsible  for  this  phenomenon  was  located  in 
the  brain  or  pituitary  rather  than  in  the  adrenal  cortex.  The  inability  to 
respond  to  stress  with  a  depletion  of  AAA  was  e.stablished  in  about  11 
weeks  in  animals  on  a  riboflavin-deficient  diet  and  was  not  observed  in  pair- 
weighed  rats  (1). 

Various  riboflavin  derivatives,  including  galactoflavin,  inhibit  the 
utilization  of  this  vitamin  (2,  8,  4,  ,5).  It  seemed  of  interest  to  determine 
whether  the  pituitary-adrenal  system  exhibited  a  reduced  responsiveness 
to  .stre.ss  in  animals  made  riboflavin-deficient  by  feeding  galactoflavin.  The 
results  reported  below  demonstrate  that,  under  these  circumstances,  ad¬ 
renal  refractoriness,  as  measured  by  AAA  depletion,  could  be  established  in 
10  days  as  compared  to  11  weeks  in  animals  on  a  riboflavin-deficient  diet 
alone.  On  the  other  hand,  impairment  of  the  AAA  response  could  also  be 
produced  in  pair-weighed  rats  consuming  restricted  amounts  of  a  com¬ 
plete  diet. 


METHODS 

MaU'  S])ragiU‘-I)a\vl('y  rats  from  our  own  colony,  varying  in  weight  from  ,50  to  200 
gm.,  were  maintaiiK'd  prior  to  use  on  Purina  laboratory  chow  which  contained  75  parts 
|HT  million  of  riboflavin.  Thereafter,  they  were  placed  on  one  of  the  riboflavin-free  or 
galactoflavin  diets  described  below.  The  riboflavin-free  diets  employed  were  1)  a  high 
carbohydrate  diet  used  for  riboflavin  assay’  consisting  of  6S%  carbohydrate',  1S%  jero- 
tein,  10%  vegetable  oil,  and  4%  U.S.P.  salt  mixture,  or  2)  a  high  protein  diet  consisting 
of  72%  |)rotein,  20%  vegetable  oil  and  8%  salt  mixture  with  all  vitamins  at  4  times 
the  level  found  in  the  carbohydrate  diet,  (lalactoflavin  was  incorporated  into  these  diets 
at  a  level  of  1  mg.  jeer  gm.  of  diet.  Riboflavin  supplementation  of  the  deficient  diets 
was  made  at  a  level  of  either  O.l  or  0.4  mg.  p('r  gm.  of  diet.  Water  was  given  to  the  ani¬ 
mals  ad  Hbituni. 

In  most  instances,  the  stress  applied  consisted  of  removal  of  the  left  adrenal  with  a 
minimum  of  trauma  under  sodium  ix'iitobarbital  (Nembutal)  anesthesia  (4-5  mg.  per 
100  gm.  of  body  weight).  One  hour  later  the  right  adrenal  was  removed  using  ethyl  ether 
anesthesia  if  the  animal  had  recovered  from  Nembutal.  .Vscorbic  acid  was  determined 
in  each  adrenal  by  the  method  of  Roe  and  Kuether  (6). 

RESULTS 

Influence  of  age  on  the  rate  of  disappearance  of  the  AAA  response  to  stress 
in  glactoflavin-fed  rats.  Table  1  show.s  that  the  AAA  response  to  unilateral 
adrenalectomy  was  rapidly  lost  in  young  rats  (initial  weight,  SO  gm.)  after 
they  were  placed  on  the  high  carbohydrate,  galactoflavin-containing  diet. 
After  5  days  on  this  diet,  AAA  depletion  was  still  e.s.sentially  normal  in  5 
animals,  but  was  blocked  in  2  others.  After  10  days,  the  AAA  no  longer  re- 

’  Nutritional  Biochemical  Co.,  Cleveland  Ohio. 
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Tabi.e  1.  Change  in  the  adkenal  asi-orbic  acid  stress  response  with  time  in  80  gm 

RATS*  MAINTAINED  ON  A  HIGH  CARBOHYDRATE  DIET®  CONTAINING  GALACTOKLAVIN 


Days 

on 

diet  ! 

x„  ' 

Final 

weight,  gin. 
.\ve.  ±S.K.  ; 

.\drenal 

of  ' 

Weight,  mg. 

%  change  in  ascorbic  acid 

1 

.•\ve.  ±S.K. 

Individual  values 

.\ve.  ±S.K. 

0  ' 

!) 

84+2 

20.3  ±0.4  i 

—  72,  —70,  —09,  —07,  —59, 

—  58,  —58,  —57,  —53 

-03  ±2 

1 

•'i  i 

1 

7  ' 

73  ±  1 

23.3  ±  1  .0 

-00,  -50,  -49,  -47,  -34,  j 
-14,  +2 

-37  ±9 

to  1 

0 

05  ±  2  1 

25.0  +  1  .1 

-11,  -10,  -5,  +1,  +2,  +12 

-  2±4 

13  1 

7 

03  ±  1 

24.7  ±0.8 

-18,  -10,  -12,  -4,0,0,  +17 

—  5  ±  5 

14 

5 

01  ±3 

23. 7  ±1.0 

-29,  -21,  -18,  +3,  +9 

-  1 1  ±7 

15 

■  10 

5()  ±  3 

24.2  ±0.8 

-37,  -37,  -20,  -13,  -11, 
-10,  -4,  +1,  +7,  +15 

-11  ±5 

10 

1 

21  .7 

-14 

^  - 14 

17 

4 

50  ±  2 

27. 7  ±1.8 

1  -13,  -3,  +2,  +10 

+  1  ±0 

21 

3 

j  (iO  +  3 

20.9  ± 1 .9 

!  -7,  -4,  -4 

-  5±1 

23 

2 

I  50  ±  4 

25.1  ±0.4 

-19,  -5 

-12  ±7 

25 

1 

.50 

i  25.8 

-8 

-  8 

33 

1  ■ 

55±:i 

1 

21 .9  ±0.9 

*  Initiul  body  weight,  75-85  gm. 
®  Deficient  in  rilioflavin. 


spoiuled  to  this  stress.  Althougli  occasional  animals  exhibited  a  response 
with  longer  periods  of  feeding,  an  impaired  response  was  evident  even 
after  25  days  on  the  analog-containing  riboflavin-deficient  diet.  Body 
weight  declined  rapidly  at  first,  but  then  plateaued.  Adrenal  weights  were 
generally  increased.  The  physical  appearance  of  these  animals  was  not 
markedly  altered. 

In  older  animals  more  time  was  required  to  block  completely  the  AAA 
respon.se  to  surgical  stre.ss  (Table  2):  in  100  gm.  rats,  22  days  on  the  diet 
and  in  200  gm.  animals,  85  days.  Adrenal  weights  were  slightly  depressed 
at  these  times.  Body  weight  loss  was  considerable. 

Influence  of  severity  of  stress  on  the  AAA  response  to  stress  in  galacto- 
flavin-fed  rats.  Attempts  were  made  to  evoke  the  AAA  response  by  in¬ 
creasing  the  severity  of  stre.ss  in  young  rats  (initial  weight,  80  gm.)  fed  the 
high  carbohydrate  galactoflavin-containing  diet  for  14  to  18  days. 

Increasing  the  time  interval  between  removal  of  left  and  right  adrenals 
to  2  hours,  or  removing  the  tail  and  0.2  to  0.0  ml.  of  blood,  had  no  influence 
on  AAA  relea.se  in  these  animals.  On  the  other  hand,  excessively  .severe 
surgical  stress  was  capable  of  evoking  the  adrenal  ascorbic  acid  response. 
In  the  latter  experiments,  animals  were  exposed  from  the  sternum  to  the 
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Tahi.k  2.  Change  i.\  the  adrenal  ascorbic  acid  stress  response  with  time  in  lUO  and 
200  OM.  rats*  maintained  ox  a  high  carbohydrate  diet*  containing  galactoflavin 


1  lays 
on 
diet 

] 

\'<i 

Final 

weight,  gm. 
.\ve.  ±S.E. 

.\drenals 

‘of 

nits 

Weight,  mg. 

%  change  in  ascorbic  acid 

Ave.  ±S.K. 

Individual  values 

.\ve.  IS.E. 

( Iroup 

I 

j 

j 

0 

0  ' 

103  ±2 

1  27.1  ±1.3’ 

14 

"  1 

79  ±  2 

20.010.8  ! 

-37,  -30,  -21,  -19,  -7,  0, 
+  1 

-1710 

18 

8 

71  ±2 

1 

20.711.2  1 

i 

-30,  -27,  -24,  -22,  -5,  -3, 
-1,  -1 

-1415 

22  1 

0 

04  ±2 

25.011.2’  1 

-31,  -8,  -4,  -3,  -2,  -t-2, 
+3,  +5,  +15 

-  3  1 4 

( iroup 
II 

1  i 

1 

1 

1 

0 

27 

199  ±  1 

35.810.5* 

21 

8 

135  ±3 

35.511.4  ! 

i 

-51,  -47,  -44,  -41,  -30, 
-32,  -17,  -4 

-34  10 

28 

;  ^ 

,  127  ±3 

1 

32.911.0 

1  -30,  -24,  -20,  -20,  -19, 

1  — 10,  —5,  —5 

—  1  ()  1 5 

1 

1 

1 1 1  ±2 

33.911.2* 

;  -23,  -0,  -2,  +3,  +4,  +0, 

1  +12 

1  -114 

*  Initiiil  body  weight:  Group  I,  05-105  gm.;  Grouj)  II,  195-205  gm. 

*  Deficient  in  riboflavin. 

’  P  0.3-0.5. 

*  1’  0.1  0.2. 


Table  3.  Effect  of  severe  operative  stress  ox  galactoflavin-fed 
RATS  ORIGINALLY  WEIGHING  80  GM.* 


1 

<  Iroup 

1 

Blood  loss,  ml. 

1  j 

.\drenal  ascorbic  acid,  mg.% 

First 

1  Second  |  %  change 

Laiiarotomized* 

— 

393 

'  183  !  -53 

—  , 

404 

280  -38 

. — 

408* 

200  -43 

— 

490’ 

353  -27 

.\drenal 

0.2 

305 

105  -47 

cannnlation’ 

0.4 

387 

180  -54 

0.0 

307 

251  -32 

i  1.0 

!  388 

222  -  43 

1  1.1 

i  423 

108  -00 

*  Range  ±5  gm.;  final  weight  00 ±5  gm. 

*  .\nimals  anoxic,  extremities  bluish,  opened  from  sternum  to  pelvis;  on  high  carbohydrate 
diet  deficient  in  riboflavin  18  days. 

’  Right  adrenal  removed  first,  left  adrenal  cannulated  then  removed  one  hour  later,  body 
cavity  remained  open  on  each  side;  on  high  carbohydate  diet  deficient  in  riboflavin  12  days. 

*  .Artificial  respiration. 

‘  Considerable  blood  loss. 
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pelvis  along  the  midline,  a  cut  made  through  each  side  to  about  the  kidney, 
and  one  adrenal  removed.  In  some  instances,  the  contralateral  adrenal 
vein  was  cannulated  for  the  collection  of  blood.  The  viscera  were  moved 
to  one  side  and  cov^ered  with  a  saline-soaked  sponge  after  which  the  animal 
was  warmed  with  an  electric  lamp.  One  hour  later  the  second  adrenal  was 
removed.  The  results  of  these  procedures  on  the  AAA  are  shown  in  Table  3. 

Influence  of  dietary  intake  on  the  AAA  response  to  stress.  A  series  of  ex¬ 
periments  was  performed  to  examine  the  effect  of  food  restriction  on  the 
response  to  surgical  stre.ss  in  animals  fed  complete  diets  (i.e.,  Purina 
laboratory  chow,  and  high  carbohydrate  or  high  protein  diets  supple¬ 
mented  with  riboflavin).  The  complete  diets  were  fed  to  young  rats  (SO  gm.) 
for  13  to  16  days  in  amounts  sufficient  to  maintain  their  weight  within  3 
gm.  of  that  of  similar  animals  fed  the  galactoflavin-containing,  high  carbo¬ 
hydrate  or  high  protein  diet.  Table  4  reveals  that  AAA  respon.se  to  uni¬ 
lateral  adrenalectomy  was  almost  completely  blocked  in  all  groups  of  ani¬ 
mals.  Although  the  adrenal  weights  were  not  .significantly  different,  the 
thymus  glands  were  consistently  higher  in  the  galactoflavin-fed  rats  than 
in  their  pair-weighed  controls. 

Reversal  of  the  inanition-induced  inhibition  of  the  AAA  response  to  stress. 


TaBI.E  4.  IXKl.l'E.NCE  OK  HIGH  CARBOHYDRATE  OR  HIGH  I’ROTEIX  DIET  C'ONTAIXI.NG  GAI.ACTO- 
KI.AVI.X  0.\  THYMI  S  AND  TE.STES  WEIGHTS  AND  AAA  RESPONSE  TO  STRESS  IN  80  GM.  RAT.s‘ 


1 

(Irouj)  , 

%  change  in  \\.\ 

Individual  values 

Ave.iS.E. 

rri  Testes 

rhvmiis 

mg.±S.K. 

A2 

Pair-weighed  controls 

-30,  -14,  -12,  -10,  -4, 

-  8+4 

27.5+  4.6 

Laboratory  Chow 

-3,  -1,  -1,  -1-2,  -b3 

(ialactoflavin  ! 

-37,  -37,  -20,  -21,  -18, 

-18  +  4 

.54.4+  8.0 

High  carbohydrate 

-14,  -13,  -12,  -11,  -1-0  , 

IP 

Pair- weighed  controls 

-6,  -6,  -3,  4-2,  -fl3 

0+4  1 

40.7+  3.5 

High  carbohydrate 

1 

tJalactoflavin 

-16,  -4,  0,  0,  -t-17 

-  1+5 

72.8+11  .0 

High  carbohydrate 

! 

C* 

t 

Pair-weighed  controls 

-23,  -10,  -15,  -13,  -11, 

-  5+3 

28.2+  3.5  471+56 

High  protein 

-7,  -4,  -1-4,  -f.5,  -t-6,  4-8, 

4-10 

(Ialactoflavin 

i  —26,  —17,  —0,  —.5,  —5,  —5, 

-  5  +  3 

36.4+  7.4  .  246  +  20 

High  protein 

1  -5,  -3,  4-5,  4-7,  4-8 

i 

*  Weight  range  75-85  gm.;  gahictoflavin  diets  deficient  in  riboflavin. 

*  High  carbohydrate  plus  galactoflavin  and  pair-weighed  controls  on  Purina  laboratory 
chow  for  13-16  days. 

*  High  carbohydrate  plus  galactoflavin  and  pair-weighed  controls  with  riboflavin  (0.1 
mg./gm.,  replacing  galactoflavin)  for  13  days. 

*  High  protein  plus  galactoflavin  and  pair-weighed  controls  with  riboflavin  (0.4  mg./gm., 
replacing  galaidoflavin)  for  15-l()  days. 
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TaIII.K  5.  (JaI.ACTuI'I.AVIX  AXD  INAXITIoX  IXIIIKITKiX  DK  ADKKXAL  AS<.'(»1{HI(,' 
A<'II>  KKSI’OXSK  RKVKRSAl.  BY  Al)  MBITI'M  KKKIUXil' 


%  chaiigi'  ill  .\.\.‘ 

Individual  values 

.\ve.  ±S.E. 

Thymus  ' 
mg.  ±  S.E.  j 

C3iange  in 
animal  weight 
gm.  ±S.E. 

(Imuj)  P 

(ialaftoflavin-fcd  . 

-45,  -30,  -3(),  -21),  -1-16 

i 

I  -26  +  11  : 

69  ±  4  1 

1710.7 

(iroup  IP 
Pair-weighed 

-39,  -31,  -28,  -1.5,  -6 

-24  ±  6 

69  ±16 

2410.6 

'  Initial  animal  weight  80  ±5  gm.;  high  carbohydrate  diets. 

*  Fed  galaetoflavin.  riboflavin-defieient  diet  14  days;  fed  complete  diet  ad  lihilnm  2  days. 

*  Fed  complete  diet  restricted  to  (piantity  consumed  by  galaetoflavin-fed,  weight-matched 
twin;  fed  riboflavin-deficient  diet  ad  libitum  3  days. 

The  results  shown  in  Taltle  4  suggested  that  riboflavin  deficiency  was  not 
the  principal  factor  responsible  for  inhibition  of  AAA  response  to  stress  in 
animals  on  a  restricted  diet.  This  conclusion  was  supported  by  experiments 
in  which  attempts  were  made  to  overcome  this  block  by  oral  or  parenteral 
administration  of  riboflavin  to  young  rats  (80  gm.)  fed  the  galactoflavin- 
containing,  high  carbohydrate  diet  for  2  weeks.  Intraperitoneal  injection 
of  as  much  as  l.o  mg.  of  riboflavin  over  a  8  hour  period  was  es.sentially 
without  effect  on  the  adrenal  respon.se.  Although  feeding  ad  libitum  a  high 
carbohydrate  diet  containing  riboflavin  for  2  days  reversed  the  inhibition 
in  rats  previously  given  galaetoflavin  (Table  5),  a  similar  effect  was  ob¬ 
tained  in  animals,  previous!}'  pair-fed  the  complete  diet,  by  feeding  ad 
libitum  a  riboflavin-deficient  diet.  Thus,  adequate  food  intake  appeared  to 
be  more  important  than  riboflavin  in  the  re-establishment  of  adrenal 
sensitivit}’. 

Influence  of  riboflavin  deficiency  and  inanition  in  pair-weighed  control 
rats  on  the  AAA  response  to  the  stress  of  adrenalectomy,  hiighteen  weanling 
male  rats  in  pairs  were  maintained  on  the  high  carbohydrate  riboflavin- 
deficient  diet  with  one  of  each  pair  receiving  0.1  mg.  riboflavin  per  gm.  of 
diet.  The  food  of  the  rats  receiving  riboflavin  was  resticted  so  as  to  main¬ 
tain  their  weight  the  .same  as  the  paired  riboflavin-deficient  rats.  After  81 
or  82  days  on  the  diets  the  rats  were  tested  for  their  response  to  stress; 
they  weighed  on  the  average  72  gm.  The  per  cent  AAA  decrease  of  the  .sec¬ 
ond  adrenal  was  the  .same  for  both  groups  (9  control  rats  88  ±6%,  S.K.;  9 
riboflavin-deficient  rats  82  ±7%,  S.E.). 

DISCUSSION 

Forker  and  Morgan  (1)  demonstrated  that  the  AAA  response  to  stress 
was  blocked  in  rats  maintained  on  a  riboflavin-deficient  diet  for  11  weeks 
from  the  time  of  weaning.  In  the  present  studies,  inhibition  of  the  adrenal 
response  to  unilateral  adrenalectomy  was  produced  in  80  gm.  rats  within 
10  days  by  feeding  riboflavin-deficient  .synthetic  diets  containing  galacto- 
flavin.  These  animals  lost  20%  of  their  body  weight  in  this  time,  but  other- 
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wise  ox!iil)itc(l  no  specific  indications  of  lihoflavin  deficiency.  After  'Mi  days 
there  was  some  evidence  of  ril)oflavin  deficiency,  since  porphyrins  ap¬ 
peared  on  the  nose;  liowever,  no  animals  died. 

Older  animals  weighing  initially  100  gm.  and  200  gm.  on  the  galacto- 
flavin-containing  diet  became  non-responsive  to  stress  after  22  and 
days  respectively.  At  the  end  of  this  period,  the  body  weight  loss  was 
about  40%.  These  results  suggested  that  body  stores  of  riboflavin,  some 
other  factor,  or  factors  must  be  depleted  before  the  AAA  response  to  stress 
was  blocked. 

It  was  noticed  that  animals  on  the  high  carbohydrate  galactoflavin- 
containing  diet  showed  a  great  loss  of  weight  in  the  first  two  weeks.  This 
suggested  that  the  effect  of  riboflavin  deficiency  on  the  AAA  response 
might  be  mediated  via  a  deficiency  in  nutritional  factor  other  than  this 
vitamin.  To  test  this  theory,  pair-weighed  animals  on  control  diets  were 
tested  for  their  AAA  response.  The  controls  were  blocked  to  the  .same 
extent  as  the  fed  animals,  on  both  high  carbohydrate  and  high  protein 
diets,  but  there  was  evidence  from  the  thymus  gland  weights  that  more 
adrenal  cortical  secretion  was  produced  in  the  control  animals  under  basal 
conditions.  The  control  animals  received  sufficient  riboflavin,  unless  food 
restriction  caused  an  increa.sed  demand  for  riboflavin. 

In  the  studies  of  Forker  and  Morgan  (1),  the  AAA  response  of  animals 
fed  riboflavin-deficient  diets  was  blocked  to  anoxic  stress  whereas  this  re- 
spon.se  was  not  blocked  in  pair- weighed  control  animals.  The.se  animals 
were  on  the  diet  for  11  weeks  and  previous  to  testing  for  AAA  release  both 
groups  of  rats  were  starved  for  10  hours.  In  the  present  work,  similar  diets 
were  employed,  but  the  stress  of  unilateral  adrenalectomy  was  used  and 
the  rats  were  not  fasted  prior  to  application  of  the  stress.  No  prevention 
of  the  AAA  response  was  observed.  The  difference  in  the  apparent  con¬ 
tradictory  results  may  be  due  to  the  fact  that  anoxia  is  a  weaker  stress 
than  unilateral  adrenalectomy  or  to  the  superimposition  of  inanition  on 
riboflavin  deficiency.  It  is  also  possible  that  an  increa.sed  demand  may 
occur  for  a  known  substance,  perhaps  another  vitamin.  Recent  studies  in 
this  laboratory  (7)  have  shown  that  rats  on  a  high  carbohydrate  diet  re¬ 
stricted  to  1  gm.  per  day  show  a  progressively  decreasing  \AA  response  to 
unilateral  adrenalectomy  from  4ti%  on  the  oth  day  down  to  27%  on  the 
8th  day  after  starting  the  diet.  When  riboflavin-deficient  diets  are  sub¬ 
stituted  for  complete  diets, ^  there  is  le.ss  decrease  in  response  to  the  stre.ss 
each  day,  dropping  from  29%  on  the  oth  day  to  8%  on  the  8th  day.  These 
data  could  indicate  that  the  AAA  response  to  unilateral  adrenalectomy  is 
dependent  on  a  dietary  factor  or  factors  in  addition  to  riboflavin.  When 
the  .supply  of  unknown  factor  is  limited,  then  the  effect  of  riboflavin  de¬ 
ficiency  on  the  AAA  response  becomes  apparent.  Hurch  e/  al.  (8)  have 
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shown  that  the  apoenzyme  of  at  least  two  enzymes,  as  well  as  the  flavin- 
mononucleotide  and  flavin-adenine-diniicleotide,  decrease  in  riboflavin  de¬ 
ficiency.  The  use  of  the  high  protein  control  diet  would  seem  to  eliminate 
amino  acids  as  a  rate-limiting  factor  either  for  synthesis  of  ACTH  or  of 
apoenzymes.  Still,  the  data  are  consistent  with  the  hypothesis  that  AAA 
response  to  stress  is  dependent  on  dietary  factors  not  yet  identified.  That 
such  unknown  compounds  may  exist  has  been  suggested  in  studies  of 
dietary  stress  (9,  10). 

Corticotropin  caused  AAA  depletion  in  the  galactoflavin-fed  rat  blocked 
to  the  stress  of  adrenalectomy^  and  in  the  riboflavin-deficient  animals 
blocked  to  the  stress  of  anoxia  (1).  These  animals  exhibited  hypertrophy 
of  the  remaining  adrenal  after  unilateral  adrenalectomy.^  Therefore,  the 
impairment  of  AAA  relea.se  would  appear  to  be  located  in  the  pituitary 
gland  or  in  the  brain.  An  even  more  severe  stress,  .such  as  extensive  laparot¬ 
omy,  resulted  uniformly  in  AAA  depletion.  It  cannot  yet  be  ascertained 
whether  the  response  to  .severe  stress  is  mediated  peripherally  via  the  re- 
lea.se  of  epinephrine  or  some  other  humoral  agent,  or  centrally  via  the 
hypothalamus-pituitary  portal  .system.  However,  it  would  seem  more 
likely  that  the  latter  is  the  ca.se  and,  as  a  corollary,  that  inanition  im¬ 
paired  the  central  response  to  stress. 
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ABSTRACT 

A  study  of  hamster  adrenal  venous  blood  as  eolh'eted  by  eanmdation  from 
the  left  adrenal  has  shown  that  this  speeies  seeretes  bydroeortisone  (Cjxl.  b') 
and  no  deteetable  “traee”  steroids.  The  rate  of  blood  flow  through  the  ad¬ 
renal,  ealculated  on  a  body  weight  basis,  is  comparable  to  that  of  other  species; 
however,  the  steroid  concentration  of  this  blood  is  4-10  times  less  than  that 
reported  for  other  species.  .\  calculated  secretion  rate  of  0.5  mg.  F,  kg.,  24  hr./ 
animal  in  the  hamster  is  3-10  times  smaller  than  secretion  rates  of  the  monkey, 
dog,  cat,  ox,  fern't  and  rabbit,  and  16-48  times  smaller  than  that  of  the  rat. 

This  is  the  lowest  secretion  rate  of  corticoids  of  any  animal  reported  in  tlu* 
literature. 

INTRODUCTION 

HE  classical  studies  of  Vogt  in  1943  (1)  demonstrated  that  adrenal 
venous  blood  from  various  species  contained  adrenal  cortical  activity 
(as  measured  biologically)  in  far  greater  amounts  than  could  be  extracted 
from  the  glands  themselves.  Subsequent  developments  in  methods  of 
steroid  chemistry  have  allowed  later  workers  to  be  more  precise  concern¬ 
ing  the  actual  chemical  nature  of  the  adrenal  secretory  products. 

In  1950,  Reich,  Nelson  and  Zaffaroni  (2)  reported  the  isolation  of  hydro¬ 
cortisone  (Cpd.  F)  from  the  adrenal  venous  blood  of  dogs  after  the  ad¬ 
ministration  of  ACTH.  Subsequently,  Bush  (3,  4,  5)  reported  upon  the 
qualitative  and  quantitative  secretion  rates  of  the  adrenals  of  the  dog, 
monkey,  cat,  sheep,  ox,  ferret,  rabbit  and  .rat.  Trace  amounts  of  corti¬ 
costeroids  .such  as  11-dehydrocorticosterone  (Cpd.  A),  cortisone  (Cpd.  I']), 
1 1-desoxycorticosterone  (DOC),  aldosterone,  and  17-hydroxy-l  1-desoxy- 
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corticosterone  (Subst.  S)  have  been  isolated  from  the  adrenal  effluent  of 
various  species;  however,  Cpd.  F  and  or  corticosterone  (Cpd.  B)  account 
for  75-100%  of  the  total  corticosteroid  produced  in  all  species  studied  (5, 
0). 

Xo  studies  to  date  have  reported  data  concerning  adrenal  cortical  secre¬ 
tion  by  the  golden  hamster  {Meso(ric€tus  aiiratus),  a  species  whose  adrenal 
physiology  and  histochemistry  differ  in  several  respects  from  that  of  other 
laboratory  animals.  Among  these  differences  are  a  reversal  in  the  usual 
sexual  dimorphism  of  the  size  of  the  adrenals  (7,  8,  9,  10)  and  uniqueness 
in  electrolyte  balance  and  survival  after  adrenalectomy  (11,  12,  13,  14). 

Histologically,  the  hamster  adrenal  cortex  is  similar  in  many  respects  to 
the  glands  of  other  species  (7,  9,  15,  16,  17,  18).  There  are,  however,  a  num¬ 
ber  of  notable  cytological  and  histochemical  differences.  Although  the 
mitochondria  and  Golgi  apparatus  of  the  zona  fasciculata  cells  conform  to 
the  general  descriptions  of  these  organelles,  they  exhibit  a  strikingly  dif¬ 
ferent  response  to  hypophysectomy  (17)  from  that  reported  to  occur  in  the 
rat  and  other  species  (19).  In  sudan  preparations  the  whole  of  the  cortex 
may  be  tinted  diffusely,  a  coloration  which  may  be  due  to  lipid-rich  mito¬ 
chondria  (15,  17).  The  most  divergent  cytological  feature  of  the  hamster 
adrenocortical  cells  is  the  almost  complete  absence  of  cytoplasmic  lipid 
droplets  (15,  16,  17,  18).  A  negative  histochemical  test  for  cholesterol 
(Schultz  reaction)  is  confined  by  chemical  analysis  indicating  an  adrenal 
cholesterol  concentration  of  zero  to  <0.5  mg.%  (15,  17,  20,  21). 

The  following  studies  were  initiated  in  order  to  determine  what  steroid 
the  hamster  was  secreting  predominantly,  the  rate  of  blood  flow  through 
the  adrenal  under  the  operative  conditions  nece.ssary  for  this  measurement 
and  at  what  rate  the  steroid  was  being  secreted. 

M.\TERIALS  AND  METHODS 

As  a  i)nT(‘(iuisite  to  roliable  direct  collection  of  adrenal  venous  blood,  a  tliorousli 
study  of  the  anatomical  relations  of  the  adrenal  vasculature  was  undertaken. 

Eleven  adult  golden  hamsters  (6  male  and  5  female)  were  used  in  this  study.  A  2-5% 
aqueous  carmine  solution  in  10%  gelatin  was  used  to  fill  the  arterial  system  and  a  2% 
aqueous  solution  to  trypan  blue  for  the  venous  system.  The  dissections  were  performed 
using  a  binocular  dissecting  microscope. 

Ilasc'd  upon  this  knowledge,  the  cannulation  technique  of  Bush  (3)  was  modified 
api)ropriately  to  permit  collection  of  adrenal  effluent  blood  from  hamsters  which  w(*re 
anesthetiz(*d  with  nembutal  (5  mg.  100  gm.  B.  W.).  A  detailed  description  of  the  can¬ 
nulation  technique  has  been  presented  elsewhere  (22).  Sixty-four  adult  golden  hamsters 
were  successfully  cannulated  and  are  included  in  this  study.  Adrenal  venous  blood  from 
three  to  seven  animals  was  pooled  for  each  determination.  Male  hamsters  were  found 
to  be  easier  to  cannulate  because  of  the  larger  sizt'  of  the  adrenal  gland  and  accomi)any- 
ing  vessels,  and  because  they  have  le.ss  perirenal  and  abdominal  fat  than  females. 

Steroids  were  extracted  from  adrenal  effliumt  blood  using  >*tbyl  acetate  according  to 
the  method  of  Bush  (3).  Redistilled  solvents  were  used.  Extracts  were  partitioned  (3) 
between  petroleum  ether  (boiling  range  30°-60°  C)  and  70%  ethyl  alcohol  before  being 
chromatographed.  The  steroids  were  chromatographed  in  the  toluene-methanol-water 
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(4:3:1)  sysR'in  of  Bush  (23)  anti  the  EjB  and  NBi  systems  of  Eherlein  and  Bonsio- 
vanni  (24).  Quantitation  of  the  steroids  on  the  chromatograms  was  achieved  eolori- 
metrieallv  bv  a  modification  of  the  blue  tetrazolium  method  of  Touclistone  and  Hsu 
(25). 

The  chromatographic  mobility  of  unknown  steroids  was  compared  directly  with  that 
of  authentic  standards.  The  latter  were  always  run  on  the  two  outer  limbs  of  the  same 
chromatogram  under  identical  conditions  with  the  unknown  steroids.  In  no  case  wen* 
RF  values  used  alone  as  criteria  for  identification.  .\11  chromatograms  were  examined 
with  ultraviolet  light  and  reflex  photographs  made.  For  the  formation  of  derivatives, 
all  unknowns  were  first  separated  and  isolated  by  chromatography.  The  steroids  were 
located  by  ultraviolet  reflex  photograph}-  and  eluted  with  redistilled  methanol.  The 
method  as  described  by  Zaffaroni  and  Burton  (26)  was  used  for  acetylation.  Oxidation 
of  steroids  was  accomplished  using  sodium  bismuthate  (27,  28)  or  chromic  acid  (28). 
Sulfuric  acid  chromogens  were  prepared  according  to  Zaffaroni  (29). 


Fig.  1.  Ventral  view  showing  the  predominant  pattern  of  arterial  blood  supply  to 
the  left  adrenal. 

C..\.  =  Coeliac  artery;  I.P..\.  =  Inferior  phrenic  artery ;  I. S..\.  =  Inferior  suprarenal  artery; 
R.A.  =  Renal  artery;  S.M..\.  =  Superior  mesenteric  artery;  S.S..\.  =  Superior  suprarenal 
artery. 

All  of  the  artc'rial  supply  to  the  left  adrenal  came  from  a  common  stem  which  origi¬ 
nated  from  the  renal  artery  or  from  the  junction  of  the  renal  art(*ry  and  the  aorta.  'I'liis 
common  stem  divided  immediately,  the  smaller  branch  contributing  a  small  vessel  to 
the  superior  pole  of  the  kidney  and  a  second  vessel,  the  inferior  sui)rarenal  artery,  which 
broke  into  a  spray  of  small  vesstds  near  the  adrenal  and  sup])lied  its  inferomedial  and 
dorsolateral  aspects.  The  second  branch  gave  off  a  large  sui)erior  sui)rarenal  artery  and 
a  smaller  branch  before  continuing  on  as  the  inferior  phnuiic  artery  to  the  diaphragm. 
The  superior  sui)rarenal  artery  also  branched  as  it  approached  the  adrenal  so  that  6-8 
twigs  entered  to  supply  the  medial  and  superomedial  aspect  of  the  gland.  The  smaller 
branch,  shown  in  broken  lines,  ran  deep  along  th»*  dorsal  body  wall  and  gave  a  small 
branch  to  the  superior  pole  of  the  adrenal. 
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RESULTS 

Adrenal  Blood  Supply.  The  predominant  pattern  of  arterial  supply  to  the 
left  adrenal  is  seen  in  Figure  1.  The  adrenal  glands  were  closely  applied  to 
the  superior  pole  of  the  kidney,  enveloped  by  perirenal  fat.  In  most  of  the 
animals,  all  of  the  arterial  supply  was  derived  from  a  common  stem  branch¬ 
ing  from  the  renal  artery.  Occasionally  the  .superior  suprarenal  artery  arose, 
as  a  common  stem  with  the  inferior  phrenic  artery,  from  the  aorta.  In  all 
of  the  hamsters  studied,  a  middle  suprarenal  artery  was  lacking.  The 
anteromedial  aspect  of  the  adrenal,  normally  supplied  by  the  middle  supra¬ 
renal  vessel,  was  furnished  by  branches  from  the  inferior  and  superior 
suprarenal  arteries. 

In  all  animals  studied,  the  venous  drainage  of  the  left  adrenal  was  the 
same.  A  single  major  vein  issued  from  the  inferomedial  surface  of  the 
adrenal  gland,  was  joined  by  2-8  extremely  small  veins  from  the  perirenal 
fat  and,  coursing  ventral  to  the  arterial  vessels,  drained  into  the  left  renal 
vein.  The  latter  was  approximately  6-7  mm.  in  length  and  2  mm.  in 
diameter.  The  suprarenal  vein  was  8-4  mm.  long  and  0.4-0. 5  mm.  in 
diameter.  Its  point  of  entry  into  the  renal  vein  was  usually  at  the  latter’s 
approximate  mid-point,  although  some  variation  was  observed.  The 
gonadal  vessel  entered  the  renal  vein  approximately  1-2  mm.  from  the 
junction  of  the  renal  with  the  inferior  vena  cava.  These  anatomical  features 
of  arterial  supply  and  venous  drainage  permitted  direct  collection  of  efflu¬ 
ent  blood  from  the  left  adrenal  gland. 

Adrenal  Cortical  Secretion.  Hydrocortisone  (Compound  F)  has  been  con¬ 
sistently  recovered  as  the  major  secretory  product  from  the  pooled  adrenal 
venous  blood  of  adult  hamsters.  No  “trace”  steroids  were  found  in  any  of 
the  blood  samples.  The  identity  of  the  steroid  as  Cpd.  F  was  determined 
by  the  following  series  of  tests.  Its  chromatographic  mobility  was  identical 
with  authentic  Cpd.  F  in  both  the  toluene-methanol-water  and  K2B 
chromatography  systems  (Fig.  2).  The  steroid  obtained  from  hamster  blood 
would  not  separate  from  authentic  Cpd.  F  on  mixed  chromatograms  (Fig. 


Fig.  2.  Ultraviolet  reflex  jirint  of  a  chromatogram  run  in  Bush’s  toluene  imetiianol : 
water  (4:3:1)  system  showing  the  Cpd.  F  isolated  from  the  adrenal  venous  blood  of 
hamsters. 


B  =  Cpd.  B 
E  =  Cpd.  E 

F  =  Cpd.  F 

F-.Ve  =  Cpd.  F  acetate 


O  =  Origin 

R  =  Reference  limbs  on  which  steroid  standards 
were  run. 

S.F.  =  Solvent  front 

©  and  ®  =  Limbs  on  which  adrenal  venous  effluent  were 
run. 


Cpd.  F  was  the  only  alpha-ketolic  steroid  isolated.  Ultraviolet  absorbing  material  at 
solvent  front  of  limbs  ®  and  @  v/as  non-alpha-ketolic. 


Fig.  3.  I’ltraviok't  rofle.x  jirints  of  chromatograms  run  in  the  NBi  system  (Fis.  3a) 
ami  tlie  EjB  system  (Fig.  3b)  showing  mi.xed  chromatograms  of  Cjxl.  F  acetate  (a)  ami 
free  Cpd.  F  (b)  resi)ectively.  (See  Fig.  2  for  key  to  abbreviations.) 

1.  The  Cpd.  F  isolated  from  hamster  adrenal  venous  effluent  was  eluted  with  methanol 
from  limbs  1  and  2  of  the  chromatogram  shown  in  Figure  2  and  run  as  mi.xed  chro¬ 
matograms  as  the  acetate  and  free  alcohol. 

2.  The  acetylated  Cpd.  F  (Limb  1)  did  not  separate  from  authentic  Cpd.  F  acetate  after 
running  as  a  mixed  chromatogram  in  the  NBi  system. 

3.  Cpd.  F  (Limb  2)  did  not  separate  from  authentic  Cpd.  F  after  running  as  a  mixed 
chromatogram  in  the  EjB  system. 
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.S).  Till*  steroid  in  (lueslioii  showed  positively  on  ultraviolet  reflex  pliotojj;- 
raphy,  thus  demonstrating  tin*  prohahle  possession  of  an  alpha-beta  nn- 
saturation  in  rin}i;  A.  It  also  stained  blue  when  sprayed  on  the  ehromato- 
gram  with  blue  tetrazolium,  thus  indieatiiifj;  an  alpha-ketol  grouping  in  the 
molecule.  The  aeetylated  steroid  had  a  chromatographic  mobility  identical 
to  that  of  authentic  F  acetate.  Further,  it  did  not  .separate  from  F  acetate 
on  mixed  chromatograms  (Fig.  3).  Oxidation  with  sodium  bismuthate  gave 
an  ultraviolet  absorbing  compound  which  liad  the  chromatographic  mo¬ 
bility  of  ll/3-hydroxy-androst-4-ene-3,  17-dione  and  which  gave  the  char¬ 
acteristic  positive  reaction  of  a  17-ketosteroid  when  sprayed  with  Zimmer- 


Table  1.  Summary  ok  the  imkortaxt  parameters  ok  in  vivo  hydro¬ 
cortisone  SECRETION  AND  BLOOD  KLOW 


- - 

- - 

Mean 

body 

Mean  It. 
adrenal 
wt. 

('oncen- 
t  ration 

Cl  roup 

No. 

ani- 

Sex 

Mean 

collection 

Mean 

blood 

Total 
/iR.  F 

rate 

ml.  /hr./ 

MR.  K  100 

M)!.  ^  / 

Rin. 

time  hr. 

vol.  ml. 

collected  100  cm. 

iiiK.  adre- 

adrenal  100 

ml. 

B.W. 

nal  hr. 

B.W.,hr. 

#nc' 

1 

M 

150 

_ 

1.17 

2.50 

_ 

1.43 

_ 

_ 

_ 

#111) 

7 

I' 

154 

— 

1.13 

0.70 

—  ® 

1.10 

— 

— 

— 

#HD-1 

5 

M 

14!) 

18.5 

0.98 

1.28 

— 

0.88 

— 

— 

•HK 

3 

M 

147 

15.4 

1.11 

2.43 

— 

1.4!) 

— 

— 

-nr 

4 

M 

151 

17.1 

1.12 

1.38 

— 

0.80 

— 

— 

#no 

6 

M 

124 

12.1 

0.68 

1.00 

10 

1.1!) 

20.40 

1.98 

1.67 

.H.I 

4 

M 

146 

13.6 

0.83 

1.63 

13 

1.32 

27.64 

2 . 55 

1.92 

#HK 

7 

M 

126 

12.1 

0.76 

1.10 

15 

1.15 

23.31 

2  22 

1.95 

#HL 

4 

M 

146 

17.2 

0.92 

1.90 

8 

1.41 

12.62 

1.4!) 

1.05 

•  HM 

4 

M 

165 

14.3 

0.57 

1.88 

5 

1.98 

15.24 

1.32 

0.67 

•  HN 

5 

M 

146 

14.3 

0.93 

2.(M) 

20 

1.48 

30.16 

2.96 

2. 50 

•  HO 

6 

M 

142 

18.6 

0.75 

1.50 

15 

1.40 

24.48 

2.34 

2.22 

-HP 

5 

M 

15!) 

16.9 

1.22 

2.58 

20 

1.33 

19.45 

2.06 

1 . 55 

#HQ 

3 

M 

124 

13.6 

1.11 

2.(M) 

8 

1.43 

17.48 

1.92 

1 . 32 

Mean  ±  Standard  Deviation 

*0.86 
±  .20 

*1.73 
±  .49 

1.32 
±  .29 

21.20 

±5.7 

2.(M» 

±  .50 

1.65 
±  .57 

*  Based  on  #110  to  i<llO. 

*  Cpd.  1'  from  #110  to  OIK  used  for  sulfuric  acid  chroinoKens  and  derivative  foriuation. 


man  reagent.  When  oxidized  with  chromic  acid,  the  steroid  yielded  an 
ultraviolet  absorbing  compound  which  had  the  chromatographic  mobility 
of  androst-4-ene-3,  11,  17-trione  and  gave  a  positive  17-ketosteroid  reac¬ 
tion.  The  steroid  demonstrated  an  identical  sulfuric  acid  chromogen  to 
that  of  Cpd.  F.  The  above  evidence  is  consistent  with  the  identification  of 
hydrocortisone  as  the  steroid  .secreted  by  the  hamster  aflrenal. 

The  data  concerning  blood  flow  and  secretion  rates  have  been  sum¬ 
marized  in  Table  1,  with  values  reported  and  calculated  on  the  basis  of  the 
pooled  blood  .samples  from  3-7  animals  per  group.  Pooling  of  blood  was 
necessary  in  order  to  get  enough  corticoid  to  measure.  The  range  of  adrenal 
venous  effluent  collected  was  1.0-2.56  ml.  animal  with  a  mean  of  1.73  +  .40 
ml. /animal.  All  values  are  reported  as  mean  istandard  deviation.  The 
duration  of  the  collection  period  was  0.86 +.20  hrs. /animal  with  a  range 
of  0.57-1.22  hrs. /animal.  The  mean  flow  rate  of  blood  through  the  left 
adrenal  was  1.32 +.29  ml. /hr. /TOO  gm.  body  weight.  When  the  secretion 
rate  of  Cpd.  F  was  calculated  on  an  adrenal  weight  basis,  the  mean  secre¬ 
tion  rate  was  21.20  +5.7  gg.  F/ TOO  mg.  adrenal/hr.  with  a  range  of  12.62- 
30.16.  A  mean  of  2.09 +.50  /zg.  F/adrenal/100  gm.  body  weight/hr.  was 
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determined  wlien  the  secretion  rate  was  calculated  on  a  body  weight  basis. 
The  concentration  of  the  hormone  in  the  adrenal  venous  blood  was  l.bo 
+  .57  mK-  F  nil- 

DISCUSSION’ 

The  pattern  of  adrenal  corticoid  .secretion  as  seen  in  all  species  studied, 
that  is  the  predominant  secretion  of  Cpd.  F  or  Cpd.  B  or  a  mixture  of  the 
two  (4,  0),  is  seen  also  in  the  hamster.  The  failure  to  identify  any  “trace” 
corticoids  in  hamster  adrenal  venous  blood  may  be  a  real  lack  of  these  sub¬ 
stances  or  may  be  due  to  the  small  amounts  of  blood  which  were  analyzed. 
Whether  the  secretion  of  one  or  two  predominant  adrenal  steroids  is 
genetically  fixed,  as  suggested  by  Bush,  remains  to  be  proven  unequivo¬ 
cally.  Xeverthele.ss,  the  .studies  by  Bush  (4)  and  also  Eik-Xes  (30)  in  par¬ 
ticular  lend  support  to  the  theory  that,  under  normal  conditions,  each  spe¬ 
cies  has  a  characteristic  .secretion  product  of  the  adrenal  cortex  which  is 
Cpd.  F,  Cpd.  B  or  a  mixture  of  the  two.  These  species  differences  in  adrenal 
corticoid  secretion  cannot  be  correlated  with  diet  or  mode  of  life  of  the  ani¬ 
mal. 

\\’hen  the  secretion  rates  of  Cpd.  F  by  hamsters  are  calculated  so  as  to  be 
compared  with  the  figures  reported  by  Bush  (4),  it  is  seen  that  hamsters 
.secrete  ca.  0.5  mg.  F  kg.  24  hr.  animal.  This  value  is  3-10  times  smaller 
than  the  .secretion  rates  reported  for  such  species  as  the  monkey,  dog,  cat, 
ox,  ferret  and  rabbit,  and  16-48  times  smaller  than  the  8-24  mg./kg./24 
hr.  animal  reported  for  rats.  Employing  the  same  chromatographic  and 
quantitation  techniques  as  used  in  this  study,  we  observed  a  mean  secretion 
rate  in  the  rat  of  19  mg.  kg.  24  hrs.  (31).  The  levels  of  17-hydroxycorti- 
costeroids  found  in  peripheral  blood  of  hamsters  are  the  lowest  in  any  ani¬ 
mal  hitherto  tested  (30).  The  mean  blood  flow  through  the  left  adrenal  of 
rats  was  14.6-20.0  ml.  adrenal /kg.  hr.  (32).  Calculated  on  this  same  ba.sis, 
hamsters  have  a  mean  flow  rate  of  13.2  ml. /  adrenal  kg./hr.  Thus,  it  is  seen 
that  on  a  body  weight  basis,  the  rate  of  flow  of  blood  through  the  left 
adrenal  of  hamsters  is  comparable  to  that  of  other  species.  The  former  has 
a  mean  concentration  of  1.65  of  steroid  ml.  adrenal  venous  blood  which 
accounts  in  part  for  low  secretion  rate  of  steroid  by  the  hamster  adrenal. 
In  addition,  this  low  secretion  rate  may  also  be  due  to  a  relative  lack  of  pre¬ 
formed  steroid  or  precursor  storage  in  the  adrenal. 

In  view  of  the  fact  that  the  steroid  secretion  rates  of  all  animals  studied 
by  Bush  were  fairly  comparable,  it  must  be  concluded  that  hamsters  are  an 
exceptional  species  and  have  a  considerably  slower  secretion  rate  of  adrenal 
corticoid  as  measured  in  adrenal  venous  blood. 
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IX  VITRO  STUDIES  AND  ADRENAL  STEROIDOGENESIS 
BY  THE  GOLDEN  HAMSTER'^ 

WILLIAM  J.  SCIIINDLEIU'^  and  KARL  M.  KNIGGI? 

Department  of  Anatomy,  School  of  Medicine,  I  niversity  of  California, 

I.os  Angeles,  Los  Atigeles,  California 

ABSTHAC'T 

No  (U'tc'ctahlo  amounts  of  storoid  hormones  can  be  recovered  by  dirt'ct  ex¬ 
traction  of  hamsb'r  adrenal  tissue  or  after  incubation  of  adrenal  slices  in 
Krebs-RiiiKer  Bicarbonate  medium,  .\drenal  slices  or  cell-free  homogimate 
l)re|)arations  can.  ho\vev(“r,  readily  convert  various  steroid  i)reeursors  to  hydro¬ 
cortisone  (C’pd.  F),  cortisone  (Cpd.  E),  corticosterone  (Cpd.  B),  dehydro¬ 
corticosterone  (('pd.  A)  17-hydro.\y-l  1-desoxycorticosterone  (Subst.  S)  and  at 
l(*ast  thr(‘(‘  other  unknown  alpha  ketols.  It  was  demonstrated  that  hamster 
adnmal  glands  contain  the  3|8-ol  dehydrogenease  system,  the  ('-11/3,  ('-17  and 
('-21  hydroxylase  enzyme  systems. 

Sodium  acetate  was  not  converted  to  adrenal  corticoids  either  by  incuba¬ 
tion  with  adnuial  slices  or  by  incubation  with  cell-free  homogenate  i)repara- 
tions.  On  the  otluT  hand,  sodium  acetate- l-C'^  was  rea<lily  converted  to  radio¬ 
active  Cpd.  F  in  vivo,  thus  demon.strating  that  the  hamster  can  incorporate 
acetate  into  corticoids. 

.V  cell-free  homogenate  j)reparation  with  added  cofactors  was  able  to  con¬ 
vert  cholesterol-4-C'^  to  radioactive  CihIs.  F,  E,  B  and  A.  .Adrenal  slices 
(whole  cell  preparations)  were  unal)le  to  accomplish  this  conversion.  Likewise, 
it  has  not  been  possible  to  demonstrate  the  in  vivo  conversion  of  infused  choles- 
terol-4-(''^  to  radioactive  Cpd.  F.  These  findings  suggest  that  the  conversion 
of  cholesterol  to  corticoids  depends  upon  the  permeability  to  the  cholesterol, 
i.e.,  the  availability  of  the  substrate  to  be  actc'd  ui)on.  Evidence  from  these 
experiments  suggests  that  cholesterol  may  not  be  a  normal  adrenal  corticoid 
precur.sor  in  the  hamster. 

INTRODUCTION 

HI'^CIITIOR’S  original  xtiulies  (1,  2)  involving  the  perfusion  of  blood 
through  isolated  beef  adrenal  glands  and  analysis  of  the  perfusate  re¬ 
vealed  that  Cpd.  F  and  Cpd.  B  were  the  predominant  steroids  produced 
in  vitro.  Steroid  substrates  were  perfu.sed  through  this  preparation  and  the 
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isolation  of  the  products  formed  established  that  adrenal  tissue  possessed 
enzyme  systems  for  the  step-wise  introduction  of  hydroxyl  groups  at  C-17, 
C-21  and  C-11  of  the  progesterone  mo’.ecule  (2,  li).  The  existence  of  these 
enzyme  systems  was  confirmed  and  their  characteristics  elucidated  by 
otlier  workers  using  adrenal  slice  and  homogenate  preparations  (4,  o,  (i,  7). 

With  the  assumption  that  cholesterol  is  a  precursor,  and  that  Cpds.  F 
and  B  are  end  products  of  steroidogenesis,  Hechter  and  his  group  postu¬ 
lated  the  type  of  reactions  necessary  to  achieve  this  transformation.  By 
perfusing  various  chosen  steroid  substrates  through  bovine  adrenals  and 
subsequent  isolation  of  the  products,  the  Worcester  Foundation  group  has 
been  able  to  evaluate  the  enzymatic  capacities  of  adrenal  tissue  to  effect 
specific  reactions.  The  reaction  sequence  of  corticosteroid  biosynthesis  was 
proposed  in  1950  on  the  basis  of  the  ability  of  substrates  to  react  (2,  3,  <S), 
and  has  since  been  considerably  strengthened  by  the  reproduction  of  each 
of  the  postulated  conversions  by  adrenal  homogenate  preparations  (S,  9, 
10).  In  this  scheme  pregnenolone  is  the  major  product  of  cholesterol  side 
chain  sci.ssion  (11)  with  progesterone  the  “key  intermediary”  arising  from 
pregnenolone,  and  being  converted  by  .separate  pathways  to  Cpds.  F  and  B 
(2,  S). 

The  relative  absence  of  cholesterol  and  other  lipids  from  the  hamster 
adrenal  (.see  references  in  previous  paper;  12)  creates  a  focal  point  of  con¬ 
siderable  interest  with  respect  to  steroidogenesis  by  the  adrenals  in  this 
.species  as  well  as  a  possible  significance  to  adrenal  physiology  in  general. 
Studies  to  date  on  hamster  adrenals  have  been  restricted  mainly  to  gross 
morphological,  histological  and  histochemical  features.  The.se  studies  have 
adequately  presented  the  differences  exhibited  by  the  hamster  adrenal; 
however,  there  is  a  considerable  gap  in  our  understanding  of  basic  adreno¬ 
cortical  function  in  this  species.  There  is  no  knowledge  of  the  enzymatic 
pathways  of  steroidogenesis,  or  the  rates  of  synthesis  and  secretion  of  the 
products.  This  study  was  undertaken  to  begin  the  investigation  of  some  of 
the  fundamental  aspects  of  in  vitro  adrenal  steroidogenesis. 

METHODS  * 

Adrenal  Slices  in  Vitro.  Ham.stors  were  stunned  l)y  a  cervical  blow,  adrenals  removed 
immediately  and  placed  in  iced  petri  dishes,  .\fter  fat  and  adherinf?  connective  tissue 
were  removed  from  the  glands,  they  were  halvc'd  and  distributed  evenly  so  that  ea(di 
flask  would  contain  the  same  amount  of  tissue  from  each  animal.  The  pooled  adrenal 
halves  were  weighed  (40  to  100  mg.  per  incubation  flask)  and  placed  in  Warburg  flasks 
containing  2  ml.  of  Kreb.s-Ringer-Bicarbonate  media  (200  mg.%  gluco.se  added)  of 
1)H  7.4.  Steroid  substrates,  dissolved  in  i)ropyl('n(‘  glycol,  were  added  to  the  medium  in 
amounts  of  0.2  or  0.4  mg.  steroid,  100  mg.  adrenals.  .VftcT  prior  gassing  (9.')% 

('Os)  for  10  minutes,  the  flasks  were  incubated  for  2  to  4  hours  at  47°  ('  with  continuous 
shaking.  .Vftcr  incubation,  the  medium  was  removed,  extracted  three  time's  with  three' 
sei)arate  volumes  of  methylene  chloriele,  i)artitie)ncel  anel  chreeinateegraphe'el  as  ele^scribe'el 
previousl}'  (12).  After  phe)tography  in  the  ultraviolet,  elrieel  chre)mate)grams  were' 
sprayeel  with  blue  tetnizolium  for  quantitation  (12). 

Cell-Free  Adrenal  Homogenates.  I’ooleel  aelrenal  glanels  (ca.  320  mg.  per  experiment) 
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were  honiogt'iiizcd  in  enough  iced  0.25  M  sucrose  to  make  a  10%  homogenate,  which 
was  centrifuged  for  10  minutes  at  5°  C  at  a  speed  of  1900  RPM  (700Xg).  The  sucrose 
supernatant  was  removed  and  divided  equally  into  four  Warburg  flasks.  To  each  flask 
was  added  1.5  ml.  Krebs-Ringer-Bicarbonate,  pH  7.4  (200  mg.%  glucose),  and  “standard 
cofactor  additions.”  The  latter  consisted  of  300  mg.%  nicotinamide,  0.06  .1/  sodium 
fumarate,  ATP  and  DPN  both  at  0.2%  of  the  adrenal  weight,  (i.e.,  0.2  mg.  of  each  per 
100  mg.  adrenal  tissue).  P^ach  of  the  standard  additions  was  made  up  separately  in 
double  distilled  water  and  ad<led  to  the  incubation  flask  in  a  volume  of  0.1  to  0.2  nd. 
Steroid  substrates  were  added  as  described  for  the  adnuial  slices.  The  flasks  were  gassed 
for  10  minutes,  followed  by  3  hours  of  incubation  at  37°  C.  The  medium  was  then  ex¬ 
tracted  with  chloroform,  i)artition(‘tl  between  water  and  petroleum  ether,  and  the 
aqueous  phase  subsequently  extracted  with  methylene  chloride  as  modified  from  Pfik- 
Nes  (13). 

C^^-Labeled  Cholesterol  and  Acetate  in  Homogenates.  C'ell-free  homogenates  were  pre¬ 
pared  as  described  above.  ('holesterol-4-C'^  (Nuclear  C'hicago;  specific  activity  2  5 
microcuries  mg.)  was  dissolved  in  propylene  glycol  and  0.23  ml.  of  this  labeled  choles¬ 
terol  (1.15  microcuries)  was  incubated  in  each  flask.  Sodium  acetate-l-C*^  (Nuclear 
Chicago;  specifie  activity  2.2  millicuries  millimole)  was  dissolved  in  double  distilled 
water  at  a  concentration  of  6.8  mg.  aeetate,  ml.  water.  For  each  incubation,  0.2  ml.  of 
this  solution  were  used  (10  micromoles  acetate  equal  to  2.2  microcuries). 

After  chromatography,  the  steroids  produced  by  incubation  were  loeated  by  ultra¬ 
violet  reflex  photography  and  marked  on  the  chromatographic  strij).  The  entire  length 
of  the  strip  was  cut  consecutively  into  segments  of  ca.  1.8  em.  each.  Care  was  taken  to 
insure  that  the  area  of  each  sei)arate  st('roid  was  confined  to  one  or  at  most  two  segments. 
Phich  segment  of  chromatogram  was  j)laced  on  a  separate  planchet,  and  its  radio¬ 
activity  determined  with  a  thin  window  Nuclear  Chicago  D47  flow  gas  counter.  The 
areas  which  contained  steroid  and  radioactivity  were  then  eluted  with  methanol,  the 
steroids  acetylated,  and  chromatographed  in  the  NBi  system.  P'ollowing  location  of  the 
s|)ot  with  ultraviolet  reflex  photograi)hy,  the  strip  was  cut  as  before  to  determine  the 
radioactivity  of  the  acetylated  compound.  The  cut  strips  were  then  sprayed  with  blue 
tetrazolium  for  quantitation. 

C'*-Labeted  Aeetate  and  Cholesterol  in  ITVo.  The  left  adrenal  glands  of  four  male 
hamst»‘rs  were  eannulated  and  adrenal  effluent  blood  collected.  When  blood  began  to 
flow  through  the  cannula,  each  animal  was  injected  via  the  femoral  vein  with  10  micro¬ 
curies  of  sodium  acetate-l-C'^  (specific  activity  1  millicurie  per  millimole).  Similarily,  10 
microcuries  of  cholesterol-4-C‘^  (specific  activity  19.35  millicuries  per  millimole)  were 
injected  after  cannulation  of  five  male  hamsters.  The  labeled  cholesterol  was  dissolved  in 
a  small  amount  of  ab.solute  alcohol  and  saline  added  to  make  a  10%  alcoholic  suspen¬ 
sion.  Adrenal  venous  blood  from  each  group  was  pooled,  extracted,  partitioned  between 
p*‘troleum  ether  and  70%  ethanol  and  chromatographed  as  described  previous!}’.  The 
('jmI.  F  i.solated  from  these  blood  samples  was  located  on  each  chromatogram  by  ultra¬ 
violet  reflex  photograi)hy.  This  area  of  each  chromatographic  strip  was  cut  out  and 
eluted  with  methanol,  then  plated  out  on  a  glass  coverslip.  The  preceding  and  each  suc¬ 
ceeding  3-3.5  cm.  length  of  the  chromatogram  was  cut  out  also,  eluted  with  methanol 
and  plated  out  on  glass  coverslips.  The  radioactivity  of  each  area  was  measured  in  a 
windowless  gas  flow  counter. 


RESULTS 

Stored  Hormones.  Xo  steroids  pos.sessing  an  alpha-ketol  grouping  in  ring 
I)  or  an  alpha-beta  unsaturation  in  ring  A  have  been  recovered  from 
batches  of  hamster  adrenal  glands  after  extraction  with  methylene  chloride, 
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chloroform  or  ethyl  acetate.  Ximierous  attempts  to  extract  adrenal  ster¬ 
oids  from  the  pooled  glands  of  to  20  hamsters  (50  to  over  400  mg.)  hy 
homogenizing  the  glands  in  Krebs  medium  followed  by  extraction  of  this 
a(iueous  medium  with  the  above-mentioned  solvents  or  by  direct  solvent 
extraction  of  the  glands  have  proven  fruitless.  Since  amounts  of  steroids  of 
approximately  1-0.8  jug.  are  readily  detected  by  the  methods  employed 
(U.V.  photograph}’  and  blue  tetrazolium  spraying),  and  .since  our  recovery 
studies  indicate  an  approximate  80%  efficiency  in  the  overall  process  of  ex¬ 
traction,  partitioning  and  chromatography,  failure  to  i.solate  any  hormone 
from  a  400  mg.  batch  of  hamster  adrenals  would  indicate  a  storage  of  hor¬ 
mone,  if  any,  of  less  than  0.25  ng.  100  mg.  adrenal.  This  amount  would  be 
10  times  le.ss  than  the  lowest  reported  stored  hormone  concentration  in 
other  species  (guinea  pig;  14). 

Adrenal  Slices  in  Vitro.  Without  the  addition  of  any  steroid  .sub.strates, 
hamster  adrenal  tissue  (100-24()  mg.  of  adrenal  .slices  per  flask)  has,  in  five 
separate  experiments,  failed  to  produce  any  steroids  when  incubated  for 
2^-8  hours  at  87°  C  in  Kreb.s- Ringer-Bicarbonate  medium  (pH  7.4)  or  in 
heparinized  hamster  blood.  In  control  experiments  run  at  the  same  time, 
rat  adrenal  slice  incubates  produced  00-100  mK*  of  alpha-ketolic  steroids 
(Cpds.  F  and  B,  aldosterone,  and  two  unknowns)  from  endogenous  sub¬ 
strates. 

Using  the.se  conditions  of  incubation  under  which  no  corticoids  were  pro¬ 
duced  from  endogenous  sources  by  hamster  adrenals,  steroid  substrates 
were  added  to  the  Krebs  medium  in  an  attempt  to  determine  tlie  ability  of 
the  adrenal  enzyme  .systems  to  convert  the.se  substrates  to  the  final  prod¬ 
ucts  (adrenal  corticoids)  in  2  or  8  hours  of  incubation.  The  choice  of  sub¬ 
strates  u.sed  was  influenced  primarily  by  the  scheme  of  corticosteroid  bio¬ 
synthesis  proposed  by  Hechter  et  nl.  (2,  8).  The  qualitative  results  of  92 
separate  in  vitro  incubations  using  1(5  different  .steroid  substrates  are  sum¬ 
marized  in  Table  1  and  Figures  1  and  2.  Xo  alpha-ketolic  steroids  were  re¬ 
covered  when  acetate,  acetate  plus  ACTH,  squalene,  squalene  plus  ACTH, 
cholesterol,  cholesterol  plus  ACTH,  or  cholestan-8-one  was  added  to  the 
Krebs  medium  (0. 1-0.4  mg.  steroid  substrate  100  mg.  adrenal)  and  incu¬ 
bated  with  adrenal  slices  for  8  hours  at  87°  C. 

In  identical  experiments,  steroid  .substrates  .such  as  pregnenolone,  17- 
hydroxy  pregnenolone,  progesterone,  desoxy corticosterone  (DOC)  and 
Subst.  kS  were  converted  to  alpha-ketolic  steroids.  Incubations  with  preg¬ 
nenolone  as  substrate  produced  Cpds.  F,  F,  B  and  one  unidentified  alpha- 
ketol  more  polar  than  Cpd.  F''  (Unknown  Xo.  1,  Table  1).  In  order  to  form 

®  The  i<U'ntity  of  oaph  of  tlio  a-Kotols  producod  was  dctprinined  primarily  by  its 
chromatoRraphip  mobility,  runniiif!;  in  i)arallel  with  authontio  st(*roid  standards  in  at  least 
two  systems,  and  its  reactions  to  ultraviolet  light  and  blue  tetrazolium.  When  sufficient 
amounts  of  a-Ketols  were  recovered,  samples  were  identified  further  by  acetate  deriva¬ 
tive  formation,  mixed  chromatograms  or  sulfuric  rcid  chromogens. 
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these  incubation  products,  the  pregnenolone  molecule  must  be  oxidized  in 
ring  A  and  hydroxylated  at  C-11,  C-17  and  C-21.  These  reactions  indicate 
the  presence  of  the  following  enzyme  systems:  the  ;i-j3-ol  dehydrogenase 
(the  ring  A  oxidizing  system),  the  11-/3  hydroxylase,  the  17-hydroxylase 
and  the  21-hydroxylase.  Both  17-hydroxy  pregnenolone  and  17-hydroxy- 
progesterone  were  converted  to  Cpds,  F,  K  and  Subst.  S.  Progesterone,  the 
“key”  compound  in  Hechter’s  reaction  sequence  was  oxidized  at  positions 
11,  17  and  21  forming  Cpds.  F,  K,  B,  A  and  traces  of  Unknown  No.  1  and 
two  other  unidentified  alpha-ketolic  steroids  (Unknowns  No.  II  and  No. 
Ill;  Table  1). 

Incubation  of  DOC  with  hamster  adrenal  slices  produced  Cpds.  B  ami 
A  and  significant  amounts  of  Uknowns  No.  II  and  No.  Ill,  which  had  the 
chromatographic  mobility  of  Cpd.  F  and  Cpd.  F  respectively  in  Bush’s 
toluene-methanol-water  (4:3:1)  system  (15;  Fig.  1).  These  two  com- 

Fig.  1.  Ultraviolet  reflex  prints  of  ehromatograms  run  in  Hush’s  tolueiie-inethanol- 
water  (4:3:1)  system  (1,5)  showing  the  steroids  produeed  from  various  suhstraU's  ineii- 
hated  with  hamster  adrenal  slices. 

A  =  Cpd.  .V  PROG.  =  Progesterone 

H  =  C’])d.  H  17  OH  PROG.  =  17  Hydroxy progesttuone 

DOC  =  Desoxyeortieosttwone  R  =  Reference  limbs  on  which  steroid 

E  =  Cpd.  E  '  standards  were  run 

F  =  Cpd.  F  S.F.  =  Solvent  front 

O  =  Origin 

1.  Unknown  Steroids  No.  I-IIl  are  indicated  by  arrows  and  accompanying  nund)ers 
on  the  chromatogram.  All  three  are  alpha-ketolic  steroids. 

2.  Incubations  with  Substance  S  as  substrate  (Limb  1)  led  to  the  recovery  of  Cpd.  F, 
traces  of  Cpd.  E,  Unknown  Steroid  No.  I  and  unconverted  Substance  S.  The  ultra¬ 
violet  (U.V.)  absorbing  spot  at  the  solvent  front  (arrow)  did  not  react  with  blue 
tetrazolium  and  was  not  an  alidia-ketol. 

3.  Unknown  Steroids  No.  II  and  No.  Ill  had  the  same  chromatograiduc  mobility  as 
Cpds.  F  and  E  respectively  in  this  system,  and  wi-n*  recovered  after  incubation  with 
DOC  as  substrate  (Limb  2).  Ci)d.  B  was  also  producetl. 

4  Known  quantities  of  Cpd.  F  and  Subst.  S  were  yicubated  with  boiled  adrenals  and 
the  media  was  treated  identically  with  the  unknowns  to  test  the  percent  recovery 
(Rec.,  Limb  3). 

5.  Incubations  with  ])rogesteron('  as  substrate  (Limb  4)  i)roduced  C’pds.  F,  E,  H,  A  and 
Unknown  No.  I.  The  U.V.  s|)ot  running  with  the  solvent  front  of  this  limb  (arrow) 
was  not  an  alpha-ketol,  and  was  probablj'  unconverted  proge.sterone.  The  U.V.  ab¬ 
sorbing  spot  slightly  above  this  was  also  non-alpha-ketolic  and  may  have  been  17- 
hydroxy  progestero  ne . 

().  Incubations  with  17-hydroxyi)rogesterone  as  substrate  (Limb  5)  produced  Cpds.  F 
and  E,  Subst.  S  and  Unknown  No.  I.  The  U.V.  absorbing  si)ot  (arrow  at  solvent  front) 
was  non-alpha-ketolic,  and  was  |)robabIy  unconva'rted  17-hydroxyi)rogesteron(‘. 

7.  Unknown  Steroiil  No.  I  was  more  polar  than  Cpd.  F  and  was  produced  by  incubations 
with  Subst.  S  (Limb  1),  jjrogesterone  (Limb  4)  and  1 7-hy<iro.xyprogesterone  (Limb  5). 

8.  Subst.  S  and  Cpd.  B  have  the  same  chromatographic  mobility  in  this  system  (refer¬ 
ence  limbs). 
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Fio.  2.  Ultraviolet  reflex  print  of  a  chromatogram  run  in  the  E2B  system  (16)  showing 
the  steroids  produced  from  various  substrates  incubated  with  hamster  adrenal  slices, 
(see  Fig.  1  for  key  to  abbreviations.) 

1.  Incubations  with  Subst.  S  as  substrate  (Limb  1)  produced  Cpd.  F.  Unconverted 
Subst.  S  was  also  recovered. 

2.  Incubations  with  DOC  as  substrate  (Limb  2)  produced  No.  II,  No.  Ill  and  Cpd.  B. 
No.  II  is  more  polar  then  Cpd.  F  and  No.  Ill  is  less  polar  than  Cpd.  E  in  this  chro¬ 
matography  system.  Neither  Cjm!.  F  nor  Cpd.  E  appeared  to  he  produced  from  DOC 
incubations.  Unconverted  DOC  was  seen  near  the  solvent  front. 

3.  Incubations  with  progesterone  as  substrate  (Limb  3)  produced  Cpd.  F  and  Cpd.  E 
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Table  1.  Alpha-ketolic  steroids  produced  by  incubation  of  various 

STEROID  PRECURSORS  WITH  HAMSTER  ADRENAL  SI.ICES  AND  THE 
ENZYME  SYSTEMS  DEMONSTRATED  BY  THESE  CONVERSIONS 


Knzyine  .system 


Steroid  substrate 
Kupplic'd 

No. 

ham¬ 

sters 

No. 

determi¬ 

nations 

Cpd. 

F 

•Mplia-Ketolie  steroid  prt»duced 

Cpd.  Cpd.  Cpd. 

K  B  A 

B/3-oI 

Dehy¬ 

dro¬ 

genase 

demonstrated 

11/3  17a 

H.V-  lly- 
drox-  drox- 
ylase  ylase 

21 

Hy- 

dryx- 

yla.se 

None 

.lit 

5 

_ 

—  Non.' 

_ 

_ 

Aeetate 

20 

2 

— 

—  None 

— 

_ 

Squalene 

14 

4 

— 

—  None 

— 

— 

Cholesterol 

57 

11 

— 

—  Non? 

— 

— 

Cholestan-:i-oni. 

10 

1 

— 

—  None 

— 

— 

Pregnenolone 

30 

7 

+ 

+  + 

No.  I 

+ 

+ 

+ 

+ 

1 7-011  Pregnenolone 

12 

3 

+ 

— 

Subst.  S 

+ 

+ 

+ 

Progesterone 

40 

8 

+ 

No.  I,  II.  Ill 

+ 

4- 

+ 

ll^OII  Progesterone 

12 

3 

+  * 

+♦  + 

+ 

17-OH  Progesterone 

24 

7 

+ 

+ 

— 

No.  I,  Subst.  S 

+ 

DOC 

44 

10 

+ 

No.  II.  Ill 

+ 

Subst.  S 

62 

24 

+ 

Trace  — 

— 

Unconverted  Subst. 

S;  No.  I 

+ 

Cpd.  F 

7 

2 

+ 

_  — 

— 

— 

Cpd.  B 

4 

1 

— 

+ 

— 

Cpd.  K 

4 

1 

— 

+ 

— 

Cpd.  A 

4 

1 

— 

+ 

A'  Cholesten-.'I-one 

10 

1 

Trace 

+  + 

+ 

- 

+ 

+ 

-t- 

*  Not  definitely  eharaeterized  other  than  ehromatotjraphic  mobility  and  reactive  sroiips.  No.  I  —  (inid(‘ntified  ('pd 
more  polar  than  F. 

No.  II  and  III  =Unidentified  Cpds.  which  travel  with  F  and  K  respectively  in  Busli’s  (15)  tohiene-methanol-water 
system  but  winch  separate  from  them  in  the  K2B  system  (16)  and  after  acetylation  and  chromatography  in  the  NBi 
system  (16). 


pounds,  when  oliromatographed  in  Eherlein  and  Bonsiovanni’s  (Ki)  h^zB 
system,  however,  proved  to  be  respectively  more  polar  than  Cpd.  F  (Rf 
approximately  0.28)  and  less  polar  than  Cpd.  E  (Rf  0.48;  Fig.  2).  Acetyla¬ 
tion  of  the.se  unknowns  and  subsequent  chromatography  of  their  acetates 
in  the  NBi  system  (10)  showed  that  Unknown  No.  II  .separated  from  Cpd. 
F  acetate  and,  with  an  Rf  value  of  approximately  0.58  in  the  NBi  system, 
migrated  between  Cpd.  E  acetate  and  Cpd.  B  acetate,  while  the  acetate 
of  Unknown  No.  Ill  .separated  from  Cpd.  E  acetate  and  had  a  mobility  (Rf 
ca.  0.80)  even  faster  than  Cpd.  A  acetate.  Substance  S  was  hydroxylated  at 
C-11  forming  Cpd.  F  and  occasionally  traces  of  Cpd.  10  were  also  recovered. 
When  u.sed  as  substrates,  neither  Cpds.  F,  B,  E  nor  A  were  acted  upon  by 
atlrenal  enzyme  systems,  and  only  the  original  compounds  were  recovered 
after  the  incubation  (Table  1).  Incubation  with  1 1/3-hydroxyproge.sterone 
as  substrate  produced  predominantly  Cpd.‘  B  and  also  two  compounds 
which  had  the  chromatographic  mobility  of  Cpds.  F  and  E  but  which  were 


(these  two  steroids  do  not  separate  in  this  system),  Cpd.  B,  a  trace  of  Cpd.  \  and 
traces  of  two  alpha-ketols  more  polar  than  Cpd.  F  (No.  I  and  No.  II).  The  trace  of 
No.  Ill  produced  did  not  separate  from  Cpd.  F  plus  E.  the  l".V.  ahsorhing  spots 
at  the  solvent  front  and  slightly  above  are  probably  progesterone  and  17-hydroxy- 
progesterone  respectively — neither  of  which  is  an  alpha-ketol. 

4.  Incubations  with  17-hydroxy  progesterone  as  substrate  (Limb  4)  produced  No.  I, 
Cpds.  F  plus  E  and  Subst.  S.  The  U.V.  absorbing  material  running  near  tiie  solvent 
front  is  non-alpha-ketolic  and  is  probably  unconverted  17-hydroxyprogesterone. 

5.  The  U.V.  absorbing  spots  at  the  solvent  fronts  of  Limbs  1  and  2  (arrows)  were  lipid¬ 
like  materials  which  were  not  alpha-ketols. 
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produced  in  amounts  loo  small  to  allow  further  eonfirmatory  eharaeteriza- 
tion. 

(Quantitative  data  of  the  more  important  imaihalions  are  summarized  in 
Table  2.  The  amount  of  the  original  substrate  converted  to  alpha-ketolie 
steroids  ranges  from  4.5S%  for  pregnenolone  to  29.01%  for  DOC.  The  sim¬ 
ilarity  of  the  percent  of  progesterone  and  17-hydroxy  progesterone  which 
was  converted  to  alpha-ketols  (13.57%  and  13.81%  respectively  ;  Table  2) 
is  noticeable.  Progesterone  can  readily  be  converted  to  either  Cpd.  F  or 
Cpd.  B,  with  only  a  slight  favoring  of  the  pathway  to  Cpds.  F  and  F  being 
seen.  Significantly  more  17-hydroxy  progesterone  was  conv'erted  to  Cpds. 
F'  and  E  than  to  Subst.  S  (P.0()3;  Table  2). 

With  DOC  as  substrate,  Cpd.  B  and  Unknown  Steroids  No.  II  and  No. 
and  No.  Ill  were  the  major  conversion  products.  Cpd.  B  was  formed  at  the 
rate  of  19.11%  of  the  original  sub.strate  in  2  hours  of  incubation.  This 
amount  represented  58.73%  of  the  total  recovered  steroid  and  indicated  a 
significant  favoring  of  the  enzymatic  conversion  of  DOC  to  Cpd.  B  (P 
<.001;  Table  2). 

Cell-Free  Adrenal  Homogenates.  Our  initial  chromatograms  of  homoge¬ 
nate  incubations  were  obscured  by  the  presence  of  a  large  ultraviolet  absorb¬ 
ing  area  which  would  not  move  from  the  origin  of  the  chromatogram,  and 
which  could  not  be  removed  by  solvent  partition  (70%  ethanol-petroleum 
ether),  by  adsorption  on  charcoal  or  by  overrunning  the  papergram  in  a 
hexane  tank  with  this  soK'ent.  Heard  et  al.  (17)  also  observed  difficulties 
with  this  cytoplasmic  phospholipid-like  material  which  caused  a  “smear¬ 
ing”  of  their  initial  papergrams.  A  partitioning  method  was  adopted 
(petroleum  ether-water  with  subsequent  extraction  of  the  aqueous  phase 
with  methylene  chloride)  which  removed  this  cytoplasmic  interfering  ma¬ 
terial  and  allowed  for  “clean”  chromatograms  in  a  single  run. 

The  substrates  which  produced  no  steroids  when  incubated  with  adrenal 
slices  were  tried  in  cell-free  adrenal  homogenate  preparations.  The  results 
of  21  separate  incubations  are  .summarized  in  Table  3.  Substrates  which  did 
not  yield  detectable  amounts  of  conv'ersion  products  with  adrenal  slices  did 
produce  small  amounts  of  alpha-ketolic  steroids  when  incubated  for  3 
hours  with  the  fortified,  sucrose  .supernatant  of  a  cell-free  adrenal  homog¬ 
enate.  An  average  of  2.6  +  1.4  /xg.  Cpd.  E  and  0.67  ±0.76  mK-  Cpd.  A  were 
produced  from  endogenous  substrates  by  incubation  of  this  adrenal  homog¬ 
enate  prepared  from  57-83  mg.  of  tis.sue.  This  endogenous  production  of 
Cpd.  E  and  Cpd.  A  is  subtracted  from  that  produced  from  the  other  sub¬ 
strates  to  get  the  net  steroid  produced  from  each  .substrate.  In  all  cases  ex¬ 
cept  the  squalene  incubation,  the.se  substrates  produced  more  Cpd.  k]  than 
Cpd.  A  while  no  Cpd.  F  or  Cpd.  B  was  produced  endogenously  or  from  any 
of  these  substrates  except  cholesterol. 

The  amount  of  Cpd.  E  and  Cpd.  A  recovered  with  acetate  (in  concentra¬ 
tions  of  1,  5,  10,  100  or  1000  Mmoles)  as  the  substrate  was  in  the  same  range 
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(3.4  +  1.2  MS-  Cpd.  E  and  a  trace  of  1  mS-  Cpd.  A).  Sisnificantly,  this  pro¬ 
duction  of  steroid  with  acetate  added  does  not  differ  from  that  produced  by 
incubation  from  endogenous  sources;  thus,  there  appears  to  be  no  net  pro¬ 
duction  of  alpha-ketolic  steroids  from  acetate  by  tliis  homogenate  prepara¬ 
tion  under  the  conditions  of  this  experiment.  There  is  a  net  production  of 
Cpd.  E  and  Cpd.  A  from  squalene,  cholesterol  or  cholestan-3-one  when 
these  substrates  are  incubated  witii  cell-free  adrenal  homogenate  prepara¬ 
tions.  With  cholesterol  as  substrate,  there  was  6.44  +  1.9  mS-  Cpd.  E  and 
3.31  +1.2  MS-  Cpd.  A  produced.  This  is  a  net  production  of  3.84  mS-  (I’ 
=  .011)  and  2.64  mS-  (P  =  .006)  of  Cpds.  E  and  A  respectively  (Table  3). 

C^^-Lnheled  Cholesterol  and  Acetate  in  Homogenates.  Table  4  shows  the 
amounts  and  radioactivity  of  alpha-ketolic  steroids  recovered  after  incuba¬ 
tion  of  C'Mabeled  acetate  and  cholesterol  with  the  cell-free  homogenate 
preparation.  h>om  Flask  #161,  in  which  10  nmoles  of  acetate-l-C'^  were 
incubated  as  substrate,  2.5  mS-  Cpd.  F,  10.0  mS-  Cpd.  E  and  4.5  mS-  Cpd.  A 
were  recovered.  None  of  these  corticoids  were  radioactive,  indicating  that 
there  was  no  utilization  of  the  labeled  acetate.  When  10  /xmoles  of  labeled 
acetate  plus  400  mS-  of  non-radioactive  cholesterol  were  added  as  substrates, 
greater  amounts  of  steroid  (6.0  mS-  Cpd.  F,  11.0  mS-  Cpd.  E,  4.5  mS-  Cpd.  11 
and  9.4  mS-  Cpd.  A)  were  recovered  (Flask  #162);  none  of  the  recovered 
corticoids  showed  any  radio-activity  (Table  4).  The  data  would  indicate 
that  the  amounts  of  steroid  recovered  from  Flask  #161  were  produced  from 
endogenous  substrates  in  the  adrenal  homogenate  preparation  and  that  the 
greater  amounts  of  steroid  recovered  from  Flask  #162  were  derived  from 
the  non-radioactive  cholesterol  also  added  as  substrate. 

When  cholesterol-4-C*^  was  used  as  the  substrate  (Flask  #160),  large 
amounts  of  Cpds.  F,  I*],  B  and  A  were  recovered.  I^^ach  of  these  four  corti¬ 
coids  showed  considerable  radioactivity  and  all  of  about  the  same  specific 
activity,  (Table  4).  When  labeled  cholesterol  plus  non-radioactive  preg¬ 
nenolone  (Flask  #163)  were  added  as  substrates  there  were  greater  yields 
of  each  of  the  corticoids  but  considerably  less  radioactivity  in  each  (Table 
4).  The  greater  yield  of  corticoids  from  incubation  Flask  #163  is  explained 
by  the  fact  that  pregnenolone  is  readily  converted  to  these  steroids  by  the 
homogenate  preparation  used.  The  considerably  lower  specific  activity  of 
the  steroids  produced  from  Flask  #163  when  compared  to  that  produced 
from  Flask  #160  (where  labeled  cholesterol  alone  was  the  substrate)  may 
be  explained  by  the  direct  conversion  of  pregnenolone  to  the  steroids  as 
well  as  the  dilution  of  the  cholesterol  radioactivity  by  conversion  of  the 
cholesterol  to  pregnenolone  in  the  pathway  of  corticosteroidogenesis.  After 
determination  of  radioactivity  in  each  of  the  steroids  from  Flasks  #160  and 
#163,  the  corticoids  were  eluted  with  methanol,  acetylated  separately  and 
rechromatographed  in  the  NBi  .system.  Radioactivity  was  again  counted 
for  each  steroid  and  is  summarized  in  Table  5.  Acetylation  of  Cpd.  B  from 
each  flask  led  to  the  formation  of  Cpd.  B  acetate  of  approximately  the  same 


700 


SCHINDLER  AND  KNIGCiE 


Volume  (Jo 


Table  5.  Amounts  and  radioactivity  of  steroids  and  their  acetate  derivatives  i>ho- 
DUCED  BY  incubation  OF  C'*-CHOLESTEROL  (oR  C‘*-CHOLESTEROL  PLUS  NON- 
RADIOACTIVE  PREONENOLONE)  WITH  A  CELL-FREE  HAMSTER  ADRENAL 
HOMOGENATE  PREPARATION 


Free  8teroi<i<  .  After  acetylation 


Steroid  acetate  Unknown  acetates 


Steroid 

Flask 

no. 

Amount 

Pk. 

Sp.  .Act. 
C.P.M.  Mg. 

Amount 

Sp.  .Act. 
C.P.M.  Mg. 

Designa¬ 

tion 

Amount 

MK. 

Sp.  act. 
C.P.M.  Mg. 

Cpd.  K 

#160“ 

13.65 

227.98 

5.0 

308.55 

•Y” 

5.4 

Not  measured 

•163'’ 

19.95 

1  5.13 

7.7 

9.52 

•Y” 

7.5 

Not  measured 

Cpd.  i; 

#160 

16.40 

277 . 25 

9.5 

259.73  1 

•Z" 

3.0  : 

160.26 

•  163 

19.95 

12.21 

1.0 

9.88  1 

“Z” 

15.2 

21.31 

Cpd.  A 

•160 

23.23 

426.44 

1  12.7 

479.71  I 

“X” 

5.0 

769.71 

-163 

.38.71 

109.68 

'  17.5' 

93.33 

"X”' 

12.0 

2(MI.2 

Cpd.  B  I 

rT60 

#163 

12  47 
i  25.59 

.325.58 

20.79 

;  9.5 

19.5 

337.58 

23.54 

“  =C"hoIe8terol-4-C'<  as  substrate. 

“  =Chole8terol-4-C“  plus  non-radioactire  pregnenolone  as  substrate. 
'  =  Rechroniatographed  in  another  system  (NBi)  but  not  acetylated. 


specific  activity  as  the  free  steroid.  Acetates  of  unknown  Alpha-ketols 
(“Y”,  Hf.  0..5();  “Z”,  Rf.  0.8.5;  “X”,  Rf.  0.81)  .separated  from  the  acetates 
of  Cpds.  F,  K  ami  A  respectively  (Table  o).  These  unknowns  were  not 
identified  further. 

(''^-Labeled  Acetate  and  Cholesterol  in  Vivo.  Available  windowless  gas 
flow  .strip  counters  were  not  sensitive  enough  to  detect  the  radioactivity  on 
the  chromatograms  of  our  adrenal  effluent  blood  samples;  therefore  the 
Cpd.  F  spots  were  located  In'  ultraviolet  reflex  photography  and  the  entire 
strip  cut  into  3-3. .5  cm.  segments.  Care  was  taken  to  include  all  of  the  Cpd. 
F  on  one  segment,  h^ach  segment  was  eluted  with  methanol  and  plated  out 
on  gla.ss  coverslips.  All  of  the  radioactivity  was  located  in  Cpd.  F  except 
for  the  tail  end  of  the  chromatograms  where  non-corticoid,  ultraviolet  ab- 
.sorbing  material  runs  with  the  solvent  front. 


Table  G.  Radioactivity  of  ('pd.  F  isolated  fro.m  adrenal  venou.s  blood  of  ham.sters 
AFTER  I.V.  INJECTION  OF  ACETATE-l-C'^  OR  CHOLE.STEROL-4-C‘^ 


f''*-acetate*  .  146.8  4  1.3.6  3.33  6.5  12.5  !»4.44*  7.55  1..33  27.64  2.55  1.112 

('“-cholesteror  159  5  16.9  6.10  12.9  20  — '  —  1.33  19.45  2.06  1.55 


*  10  ^ciiriee  Hodiiim  acetate-l.C>*  (ep.  act.  1  millicuric  'millimole)  in  aaline  injected  via  the  femoral  vein  into  each 
animal  after  adrenal  vein  cannulated. 

10  juries  rhole8terol-4-C><  (sp.  art.  19.35  millirurieti ,  millimole)  in  10%  alcoholic  aaline  KU8pem<iun  injected  via  the 
femoral  vein  into  each  animal  after  adrenal  vein  cannulated. 

®  Net  C.I’.M.  =counts  per  minute  of  Hteroid  less  C.P.M.  of  adjacent  segment  of  chromatogram. 

”  .All  counts  made  for  at  least  one  hour  in  windowless  gas  flow  counter.  Steroid  spots  and  paper  segments  were  eluted 
with  methanol  and  plated  out  on  glass  coverslips  which  were  then  placed  in  planchets  for  counting. 

*  This  value  is  >4  times  background. 

*  Insignificant  counts. 

*  100  mg.  100  mg.  adrenal  wt. 
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Table  ()  shows  the  results  of  the  pooled  adrenal  venous  blood  samples  ob¬ 
tained  from  male  hamsters  which  were  injected  at  the  time  of  cannulation 
via  the  femoral  vein  with  acetate-l-C'^  or  cholesterol-4-C‘^  Only  Cpd.  F 
was  recovered  from  the  adrenal  venous  blood.  From  C*^-acetate  injected 
hamsters  12.5  mK-  of  Cpd.  F  was  recovered,  showing  94.44  net  C.P.M.  with 
a  specific  activity  of  7.55  C.P.M.  mK-  Cpd.  F.  In  a  similar  experiment, 
there  was  no  .significant  radioactivity  in  20  jug.  of  Cpd.  F  isolated  from  the 
adrenal  venous  blood  of  hamsters  injected  with  Cholesterol-C‘^. 

DISCUSSION' 

The  results  of  this  study  indicate  that  hamster  adrenal  glands  contain 
little  or  no  stored  cortical  hormones.  There  is  no  detectable  production  of 
cortical  steroids  from  endogenous  substrates  from  whole  cell  preparations, 
i.e.,  when  adrenal  slices  are  incubated  in  vitro  under  the  conditions  of  the.se 
experiments.  In  cell-free  suspensions,  the  ecpiivalent  of  SO-100  mg.  of 
adrenal  tissue  produces  only  minute  amounts  of  steroids  (2-8  gg.  of  Cpd. 
K  plus  Cpd.  A)  in  8  hours  of  incubation  even  when  supplied  with  additives 
and  enzymatic  cofactors.  It  is  suggested  that  hamster  adrenals  not  only 
contain  no  stored  hormone,  but  that  there  is  also  a  paucity  of  stored  pre¬ 
cursor  material.  These  findings  are  in  contrast  to  that  of  other  species 
studied. 

The  fact  that  there  were  no  hormones  stored  in  the  gland  nor  any  in 
vitro  hormone  production  from  endogenous  .substrates  made  this  prepara¬ 
tion  suitable  for  studying  the  enzymatic  ability  of  adrenal  slices  to  carry 
out  certain  reactions  on  chosen  steroid  substrates  which  could  be  added  to 
the  incubation  flask.  Any  corticoids  isolated  after  incubation  of  adrenal 
slices  with  a  suspected  steroid  precursor  must  have  been  produced  by 
enzymatic  conversion  of  this  precursor.  When  pregnenolone  was  used  as 
the  steroid  substrate,  Cpds.  F,  K  and  B  were  isolated  after  the  incubation 
period.  These  incubation  products,  as  well  as  those  produced  from  other 
steroid  substrates,  indicate  the  presence  of  the  8/3-ol  dehydrogenase,  the  17- 
hydroxyla.se,  the  21-hydroxylase  and  the  11/3  hydroxylase  enzyme  systems 
in  hamster  adrenal  slices.  With  progesterone  as  the  sub.strate,  there  is  ap¬ 
proximately  an  equal  formation  of  Cpd.  F  and  Cpd.  B,  which  agrees  with 
the  thesis  that  progesterone  is  the  “key”  compound  and  may  be  hydroxy- 
lated  at  C-17,  in  which  ca.se  it  would  go  on  to  form  Cpd.  F  via  Subst.  S,  or 
it  may  be  hydroxylated  at  C-21,  in  which  ca.se  it  would  go  on  to  form  Cpd. 
B  via  DOC  (8).  It  is  interesting  to  note  that  no  DOC  or  Subst.  S  was  recov¬ 
ered  from  progesterone  incubations.  This  would  indicate  that  the  reactions 
to  the  final  products  (Cpd.  B  and  Cpd.  F  respectively)  went  es.sentially  to 
completion.  Cpd.  F  and  also  Subst.  S  were  recovered  after  incubation  with 
17-hydroxyprogesterone.  The  recovery  of  the  intermediate  product  (Subst. 
S)  was  unexpected  and  may  indicate  that  the  1  l-/3-hydroxylation  was  the 
limiting  step  in  this  .sequence. 


SCHINDLER  AND  KNIGGE 


Volume  65 


7ry2 

Incubations  of  adrenal  slices  with  DOC  as  substrate  produced  predom¬ 
inantly  Cpd.  B.  In  addition,  there  were  two  other  alpha-ketolic  steroids 
produced  which  had  the  chromatographic  mobility  of  Cpd.  F  and  Cpd.  E 
respectively  in  Bush’s  toluene-methanol-water  system.  These  substances 
we  have  called  Unknown  Steroids  No.  II  and  No.  Ill  respectively  because 
further  characterization  indicated  that  they  were  not  Cpd.  F  or  Cpd.  K. 
These  unknowns  are  seen  as  trace  amounts  after  incubations  with  other 
substrates  (e.g.,  progesterone;  Table  1);  however,  only  after  DOC  incuba¬ 
tions  are  they  produced  in  relatively  large  amounts  (38%  of  the  total  con¬ 
verted  .steroid  recovered  and  10.5%  of  the  original  substrate).  Conversion 
of  DOC  to  Cpd.  B  by  hog,  ox  and  rabbit  adrenal  tissue  does  not  apparently 
involve  the  additional  formation  of  such  relatively  large  amounts  of  un¬ 
known  alpha-ketolic  steroids  (17).  The  biosynthe.sis  of  aldosterone  has  not 
been  definitely  e.stablished;  however,  Wettstein  et  al.  (18)  have  suggested 
that  DOC  may  be  its  immediate  precursor.  Sufficient  amounts  of  authentic 
aldosterone  were  available  to  determine  its  chromatographic  mobility  in 
the  toluene-methanol-water  and  E2B  systems.  Neither  Unknown  No.  II 
nor  No.  Ill  was  chromatographically  identical  to  aldo.sterone.  Further 
identification  of  these  interesting  Unknowns  was  not  attempted  at  this 
time. 

Incubation  of  cholesterol,  cholestan-3-one  or  squalene  with  adrenal 
slices  (whole  cell  preparations)  produced  no  alpha-ketolic  .steroids,  and 
even  when  the  incubation  was  fortified  with  the  “standard  cofactor  addi¬ 
tions”  there  were  only  slight  unmeasurable  amounts  of  Cpd.  E  and  Cpd.  A 
produced.  In  the  whole  cell  preparations,  delta-4-cholesten-3-one  was  con¬ 
verted  to  the  corticoid  end  products,  indicating  that  the  side  chain  could  be 
degraded  to  21  carbons.  With  cell-free  adrenal  homogenate  preparations, 
these  .same  substrates  (cholesterol,  cholestan-8-one  and  .squalene)  were 
readily  converted  to  corticoid  end  products.  This  was  confirmed  by  the 
formation  of  radioactive  Cpds.  F,  E,  B  and  A  from  cholesterol-4-C'^.  These 
findings  indicate  that  the  production  of  adrenal  corticoids  from  cholesterol 
by  cell-free  homogenate  preparations  (reactions  that  would  not  proceed  in 
the  original  whole  cell  adrenal  .slice  preparations  without  added  cofactors) 
may  depend  upon  permeability  of  the  cholesterol,  and  thus  the  availability 
of  the  .substrate  to  be  acted  upon. 

.Although  there  were  small  amounts  of  Cpd.  E  and  Cpd.  A  formed  when 
varying  concentrations  of  sodium  acetate  were  added  as  substrate  to  the 
homogenate  preparation  incubation  (Table  8),  the.se  amounts  were  not 
significantly  higher  than  those  isolated  from  the  preparation  after  incuba¬ 
tion  when  no  substrate  was  added,  i.e.,  the  amount  of  Cpd.  E  and  Cpd.  A 
produced  from  endogenous  sources.  This  finding  that  acetate  was  not  con¬ 
verted  to  adrenal  corticoids  by  the  homogenate  preparation  was  confirmed 
by  using. acetate-l-C'L  In  these  experiments  (Table  4)  although  Cpd.  P’, 
Cpd.  E  and  Cpd.  A  were  isolated  after  incubation,  there  was  no  radioac- 
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tivity  in  any  of  tliese  steroids.  Similar  results,  i.e.,  the  failure  of  labeled  ace¬ 
tate  to  he  converted  to  labeled  adrenal  corticoids,  were  observed  by  Hof¬ 
mann  and  Davison  (19)  and  independently  in  our  own  laboratory  (20), 
both  using  rat  adrenal  slices,  and  also  by  Heich  and  Lehninger  (21)  using 
beef  adrenal  homogenates.  The  results  of  the  latter  homogenate  prepara¬ 
tion  were  similar  to  our  hamster  adrenal  homogenate  results  also  in  the 
fact  that  labeled  cholesterol  was  converted  to  labeled  corticoids.  In  con¬ 
trast  to  this,  other  investigators  have  demonstrated  the  conversion  of  ace- 
tate-C*^  to  radioactive  adrenal  steroids  using  hog  slices  (22,  28,  24),  cow 
and  bull  slices  (22)  and  washed  beef  homogenate  preparations  (9).  The 
differences  obtained  by  various  workers  in  the  success  or  failure  of  their 
.systems  to  incorporate  C*^-acetate  into  adrenal  corticoids  in  vitro  may  be 
due  to  technical  problems  involved  in  the  various  systems  as  well  as  actual 
species  differences  in  the  ability  of  the  adrenals  to  perform  this  conversion 
in  vitro. 

In  other  species,  the  endogenous  substrates  used  for  steroid  production 
are  generally  considered  to  be  cholesterol,  especially  during  stress  or  other¬ 
wise  when  the  adrenals  are  stimulated  by  ACTII,  and  perhaps  acetate,  the 
conversion  of  which  may  not  be  stimulated  by  ACTH  (25).  Stimulation  of 
the  adrenals  of  most  species  to  produce  adrenal  corticoids,  as  by  stress, 
epinephrine  or  ACTH,  results  in  a  sharp  fall  in  adrenal  cholesterol  (20,  27, 
28).  This  decrease  of  adrenal  cholesterol  in  stressed  rats,  for  example,  is  a 
decrease  only  of  the  esterified  portion  of  the  cholesterol  while  the  free 
adrenal  cholesterol  remains  fairly  constant  (27,  28).  Total  adrenal  cholest¬ 
erol  in  the  rat  ranges  from  8.57  to  4.90  mg.  100  mg.  adrenal  (28);  90%  of 
this  total  cholesterol  is  in  the  esterified  form  (27,  28).  Hamster  adrenal 
cholesterol  levels  have  been  reported  as  0.152  to  0.175  mg./lOO  mg. 
adrenals  (mg.%)  in  males  and  0.811  to  0.888  mg.%  in  females  (28),  and 
0.29+0.08  mg.%  (29).  Zero  to  8%  of  this  cholesterol  is  in  the  esterified 
form  in  the  hamster  adrenal.  Thus,  free  cholesterol  levels  are  about  the 
same  in  the  hamster  and  the  rat,  but  the  rat  adrenal  contains  about  9 
times  more  esterified  cholesterol  than  the  hamster  adrenal  (28).  This  latter 
finding  is  important  inasmuch  as  hamster  adrenals  are  relatively  lacking  in 
esterified  cholesterol  and  it  is  this  fraction  that  fluctuates  in  response  to 
stress  in  rats.  Hamsters  exposed  to  cold  stress  (5°  C)  for  varying  periods  of 
time  showed  no  change  in  adrenal  cholesterol  levels  (28).  Amphenone  B,  a 
compound  which  inhibits  adrenal  corticoid  .secretion  in  the  dog  (80),  calf 
(81),  and  man  (82,  88,  84),  cau.ses  a  large  accumulation  of  cholesterol  in  the 
rat  adrenal  which  does  not  decrease  when  the  animal  is  subjected  to  cold 
stress  (85).  This  evidence  is  interpreted  as  indicating  that  cholesterol,  the 
endogenous  precursor  of  corticoids,  accumulates  in  the  adrenal  because  of 
a  block  (or  .series  of  blocks)  farther  on  in  the  steroid  biosynthesis  sequence. 
In  the  amphenone-treated  hamster,  on  the  other  hand,  cholesterol  does  not 
accumulate  in  the  adrenals  and  corticoid  production  (measured  indirectly 
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hy  urinary  Porter-Sill K‘r  (•liroinoK(‘us) , seems  to  l)e  noiinal  (21)).  These  fiml- 
iii}?s  eoneerniiif>:  the  laek  of  eslerified  cholesterol  in  the  hamster  adrenal, 
and  the  laek  of  cholesterol  aeenmnlation  or  eortieoid  production  impair¬ 
ment  after  amphenone  treatment,  suggest  that  this  species  may  not  utilize 
the  usual  method  of  steroid  synthesis.  In  several  experiments  of  this  study, 
digitonin,  a  cholesterol  precipitant  (0.02o  ml.  of  a  1%  solution)  added  to 
the  adrenal  homogenate  preparation  failed  to  inhibit  the  formation  of 
corticoids  from  endogenous  substrates.  Further  .suggestive  evidence  that 
cholesterol  is  not  a  eortieoid  precursor  in  the  hamster  is  presented  by  the 
demonstration  reported  here  that  intravenously  injected  cholesterol-4-C‘^ 
does  not  produce  any  radioactive  labeling  of  the  Cpd.  F  isolated  by  direct 
cannulation  of  the  adrenal  vein  and  analysis  of  the  effluent  blood  collected. 
It  must  be  pointed  out,  however,  that  the  endogenous  cholesterol  pool  may 
be  so  large  as  to  be  diluting  out  the  infused  cholesterol-4-C‘^  with  the  result 
that  any  cortisol-4-C‘^  formed  might  not  have  been  detected. 

The  nature  of  cholesterol  as  a  eortieoid  precursor  in  other  species  is  too 
well  established  to  be  questioned  as  a  fundamental  hypothesis.  These  ap¬ 
parent  contradictions  observed  in  our  studies  on  hamster  adrenals  do  not 
(luestion  the  basic  foundation  of  cholesterol  as  a  precursor,  but  merely  indi¬ 
cate  that  the  use  of  cholesterol  as  a  predominant  eortieoid  precursor  is  not 
a  universal  phenomenon  and  the  hamster  with  its  histochemically  “lipid 
poor”  adrenal  may  be  an  exception.  In  in  vitro  .slice  incubates  or  in  in  vivo 
infusion  experiments,  cholesterol  is  faced  by  the  whole,  intact  hamster 
adrenocortical  cell  and  apparently  can  not  be  utilized  for  synthesis  of  ster¬ 
oids.  When  the  cell  memlirane  is  disrupted  in  the  formation  of  homogen¬ 
ates,  cholesterol  is  readily  utilized.  The  ba.sic  unique  difference  in  steroido¬ 
genesis  by  hamster  adrenocortical  cells  appears  to  be  a  relative  impermea¬ 
bility  of  the  cell  membrane  to  chole.sterol,  re.sulting  in  the  synthe.sis  of  corti¬ 
cal  steroids  from  other  precursors,  the  nature  of  which  remains  to  be  identi¬ 
fied  more  fully.  The  rapid  in  vivo  incorporation  of  infused  C‘^-acetate  and 
delivery  of  radio-lal)eled  Cpd.  F.  strongly  .suggests  acetate  as  a  predom¬ 
inate  eortieoid  precursor  in  the  hamster.  The  results  of  the.se  experiments 
do  not  eliminate  the  po.ssibility  that  acetate  enters  the  adrenal  cortical  cell 
and  is  incorporated  into  cholesterol,  and  that  intracellular  cholesterol  thus 
formed  may  be  a  eortieoid  precursor. 
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PLASMA  LEVELS  OF  DEHYDROEPIANDROSTERONE 
IN  THE  DOG^ 

(JEORG  W.  OERTEL  and  KRISTEN  B.  EIK-NKS 

Depnrtmrnl  of  Biochemistry,  I'niversity  of  Utah  College  of  Medicine,  Salt  Lake  City,  Utah 

ABSTRACT 

Low  firculatins  levels  of  |)lasma  dehydroepiaiulrosterone  have  been  found 
in  the  dofi.  A  neKliKihle  adrenoeortieal  seeretion  of  this  steroid  apparently  takes 
plaee  in  this  animal  species. 

Following  th*'  intravenous  administration  of  pregnenolone  and  17a-hydroxy- 
l)regnenolone  to  the  dog,  high  plasma  levels  of  conjugated  dehydroepiandro- 
st<‘r<me  have  been  found.  The  tissues  in  the  dog  leg  may  perform  such  a 
conversion.  Different  theories  |)ertinent  to  the  origin  of  plasma  dehydroepi- 
androsterone  in  the  dog  have  been  discussed,  since  dogs  lacking  adrenals, 
t<*stis  and  liver  can  still  convert  tritiated  pregnenolone  to  tritiated  dehydroepi- 
androsthronc. 

Will] REAS  several  C-21  steroids  have  been  found  in  adrenal  vein 
or  in  systemic  blood  of  the  dof?  (1,  2,  8)  relatively  little  is  known 
about  blood  plasma  concentrations  of  C-19  .steroids  in  this  animal  species 
(4,  5). 

Paschkis  el  al.  (0)  observed  that  dogs,  regardless  of  sex,  excreted  from 
O.o-l.o  mg.  17-ketosteroids  in  urine  per  24  hours  and  when  dogs  were 
given  testosterone  propionate,  no  increase  in  the  secretion  of  urinary  17- 
ketosteroids  occurred.  Glenn  and  Heftmann  (7)  concluded  that  the  nor¬ 
mal  dog  excreted  less  than  1  mg.  ketosteroid  in  the  urine  per  daj’  and 
could  not  obtain  an  alteration  of  17-ketosteroid  excretion  when  normal 
dogs  were  given  adrenocorticotropic  hormone  (ACTH). 

In  the  normal  man,  from  10-15  mg.  of  17-ketosteroids  are  excreted  per 
24  hours  and  an  increa.sed  urinary  concentration  of  these  steroids  can  be 
found  following  ACTII  and  testosterone  administration  (8,  9).  Thus  a 
difference  may  exist  between  man  and  dog  in  either  production  or  catabo¬ 
lism  of  17-ketosteroids.  In  the  present  communication  we  wish  to  report 
the  formation  of  dehydroepiandrosterone  bj'  the  hind  leg  of  the  dog.  Fur¬ 
ther,  we  have  tested  the  theory  of  Lieberman  and  Teich  (10)  that  17a- 
hydroxy  pregnenolone  may  be  a  precursor  for  dehydroepiandrosterone. 

METHODS 

.\.  Animal  preparations 

1)  Cannulation  of  the  liver:  This  was  done  as  previously  described  from  our  labora¬ 
tory  (11). 

Received  for  publication  June  23,  1958. 

*  This  work  was  supported  in  part  by  research  grants  from  the  United  States  Public 
Health  Service,  National  Institutes  of  Health,  Bethe.sda  14,  Maryland. 
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One  hour  after  tlie  oiM'iation,  (“xpcriiiients  were  started.  I’ifty  nif^.  prejiiienolone  dis¬ 
solved  ill  10  ml.  propylene'  ulyeol-  wi'ic'  injeetc'd  ovi'r  2-‘.i  minutes  hy  the  eannula  in  tin* 
portal  vein.  Hlood  for  steroid  determination  was  obtained  through  the  cannula  in  the 
hepatic  vein  with  10  minute  intervals  over  one  hour,  and  systemic  hlood  was  withdrawn 
from  the  femoral  vein  over  the  same  period  using  the  same  timing  as  for  the  hepatic 
vein  samples. 

2)  Adrenal  cannulation :  The  method  of  Zaffaroni  and  Burton  was  used  (12).  Adrenal 
vein  blood  was  collected  in  10  minute  samples  before  and  after  the  intravenous  injection 
(front  leg  vein)  of  50  mg.  pregnenolone  over  2-3  minutes.  .V  systemic  blood  specimen 
was  obtained  from  the  right  femoral  vein  every  time  an  adrenal  vein  sample  was  col- 
lectefl. 

3)  Preparation  of  the  isolated  dog  leg:  The  left  femoral  arti'ry  and  vein  were  reached 
in  the  angulus  femoralis  before  they  entered  the  abdominal  cavity.  A  small  tributary  of 
the  femoral  artery  was  dissected  and  a  Xo.  24  needle  attached  to  polyethylene  tubing 
inserted  into  this  arterial  branch  in  such  a  fashion  that  the  end  of  the  needle  tipped 
into  the  lumen  of  the  femoral  artery  without  interfering  with  the  arterial  irrigation  of 
the  leg.  The  femoral  vein  was  then  dissected  free  and  followed  into  the  abdominal 
cavity  through  a  blunt  abdominal  incision.  .\  detailed  dissection  was  done  of  the  venous 
jile.xus,  and  a  loose  ligature  was  placed  around  the  vein  above  the  dissected  ple.xus. 
Care  was  taken  to  prevent  stasis  of  the  h'g.  .\  jiolyethylene  tube  was  inserted  into  the 
femoral  vein  through  one  of  the  branches  of  the  i)lexus.  .\11  branches  of  the  i)lexus  not 
coming  from  the  leg  were  severed  between  double  ligatures  and  the  major  lymphatic 
drainage  from  the  leg  was  finally  blocked.  During  exjieriments  the  loose  ligature  around 
the  femoral  vein  was  tied  off  and  pregnenolone  or  17a-hydroxy  pregnenolone’ injected  by 
the  cannula  leading  into  the  femoral  artery.  The  cannula  in  the  femoral  vein  was  opened 
and  the  venous  blood  leaving  the  leg  collected.  During  experiments  lasting  for  more 
than  10  minutes,  citrated  dog  blood  was  given  intravenously  by  the  left  jugular  vein  at 
a  rate  of  about  35-45  ml.  per  minute.  Several  experiments  were  conducted  to  test  if  the 
described  prei)aration  allowed  administered  steroids  to  escajx'  into  the  systemic  circula¬ 
tion. 

4)  Preparation  for  hepatectonuj,  adrenalectomy  and  removal  of  the  testis  in  the  dog: 
Through  a  midline  incision  as  described  for  cannulation  of  the  liver  (11)  the  liver  and 
the  intestines  were  reached.  Evisceration  was  done  and  a  siliconed  pyri'x  glass  cannula 
introduci'd  into  the  inferior  vena  cava  (13).  This  allowed  the  complete  removal  of  the* 
liver.  Th(‘  adrenals  and  both  testes  were  then  removed  and  the  experiments  started. 
This  preparation  was  extremely  difficult  to  handle.  The  animal  needed  blood  transfusion 
immi'diateh'  after  the  abdominal  incision,  and  an  increased  survival  rate  was  seen  if  25 
mg.  of  cortisol  were  added  to  the  infusion  blood  after  adrenalectomy.  .After  considerable 
experience  with  this  prejjaration,  the  mtirtality  is  still  48%. 

B.  Determination  of  steroids 

a)  In  plasma:  The  estimation  of  jilasma  dehydroepiandrosterone  was  carried  out  by 
the  method  of  Oertel  and  Eik-XTs  (14).  Hydrolysis  of  plasma  DHF'].\  conjugates  by 
commercial  preparations  of  phosphatases  has  been  described  (15).  The  steroids  liberated 
by  this  procedure  were  extracted  with  3X  1  volume  ethyl  acetate  (EtO.Vc).  .After  evapo¬ 
ration  of  remaining  traces  of  organic  solvent  in  vacuo,  the  aqueous  phase  was  brought  up 
to  the  original  volume  of  plasma  by  adding  H^O,  adjusted  to  pH  1.8  by  means  of  1  X 
HCl  and  incubated  with  1  mg.  pepsin/ml.  solution  for  15  hours  at  37‘’C’.  The  sample  was 
then  processed  in  accordance  with  the  method  of  Oertel  and  Eik-Xes  (14). 

’  This  preparation  was  supijlied  by  the  Ciba  Pharmaceutical  Products,  Inc.  Summit, 
Xew  Jersey. 

’  Obtained  from  (Jlidden  Company,  Chicago  39,  Illinois. 
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I))  In  tissues:  Nervous  and  eoiinective  tissue  were  eut  into  small  pieees,  ground,  and 
eontinuously  extraeted  with  ethanol  (EtOH)  for  4  hours.  The  other  tissues  were 
homogenized  in  a  Waring  Hhmder  with  10  volumes  litOII  tissue.  .\n  eciual  vol¬ 

ume  of  EtOH  was  added  and  the  susjjension  was  ri'fluxed  for  2  hours,  eentifug(‘d  and  the 
sujx'rnatant  deeanted.  .\fter  washing  2X  with  EtOH  the  residue  was  discarded  and  the 
total  extract  evaporat(*d  to  dryness  in  vacuo.  Bj’  distribution  of  the  residue  between 
80%  methanol  and  hexane,  most  of  the  lipid  material  was  removed.  The  aqueous  MeOH 
was  evaiHjrated  in  vacuo,  the  residues  suspended  in  water  and  hydrolyzed  with  H2SO4. 
The  hydrolysate  was  extracted  and  proeessed  bv  the  method  of  Oertel  and  Eik-Nes  (Mb 

C.  Identification  of  dehydroepiandrosterone  following  the  administration  of  pregnenolone 
by  the  isolated  dog  leg 

a)  Tritiatcd  pregnenolone:*  .\fter  administration  of  randomly  labeled  tritialed 
pregnenolone,  the  plasma  samples  were  processed  in  accordance  with  the  method  of 
Oertel  and  Eik-Nes  (14).  After  chromatography  on  paper,  the  spots  exhibiting  the 
running  rate  of  dehydroepiandrosterone  were  eluted  and  evaporated.  A  5%  aliquot 
was  dissolved  in  chloroform-beeswax  and  counted  in  a  windowless  counter  with  approxi¬ 
mately  10%  efficiency.  The  re.st  of  the  material  was  acetylated  with  acetic  anhydride- 
pyridine  and  chromatographed  with  standard  dehydroei)iandrosterone  acetate  in 
l)ropylene-glycol  methylcyclohexane  (10).  The  area  on  the  sami)le  strip  corresimnding 
to  that  of  dehydroepiandrosterone  acetate  was  eluted,  a  5%  aliquot  eounted  and  the 
rest  of  the  sample  chromatographed  in  formamide-hexane/ benzene.  Material  with  an 
Rf  of  dehydroepiandrosterone  acetate  was  eluted,  and  a  5%  aliquot  counted.  To  the 
r(*st  of  the  material  authentic  dehydroepiandrosterone  acetate  was  added.  This  mixture 
was  recrystallized  three  times  from  hexane.  Each  time,  the  crystalline  material  obtained 
was  dissolve*!  in  10  ml.  of  acetone  and  0.1  volume  was  submitted  to  a  color  reaction 
characteristic  for  A5-3|3-hydroxysteroids  (17)  while  0.1  volume  was  count(*d  in  a  window- 
l(‘ss  counter. 

The  blood  plasma  obtained  from  gonadectomized  adrenalectomized  and  eviscerated 
dogs  given  randomly  labeled  tritiated  pregnenolone  was  j)rocessed  by  the  standard 
method  for  the  determination  of  plasma  dehydroepiandrosterone  (14).  .\fter  paper 
chromatography  and  elution,  synthetic  dehydroepiandrosterone  was  added  and  the 
sample  was  partitioned  in  a  system  consisting  of  equal  volumes  of  equilibrated  47.5% 
ethanol  in  water  and  40%  ethyl  acetate  in  hexane.  The  Zimmermann  reaction  was  per¬ 
formed  on  each  solvent  phase  and  the  radioactivity  in  each  phase  was  also  determiiKxl. 
The  partition  coefficient  for  dehydroepiandrosterone  and  pregnenolone  in  this  system 
is  3.1  and  3  8  resjx.‘ctivel\-. 

b)  N on-labeled  pregnenolone:  After  extraction,  hydrolysis  and  purification  of  the 
plasma  (14)  the  final  extract  was  submitted  to  Girard  Separation  (18,  19).  The  ketonic 
material  was  chromatographed  twice  in  formamide-hexane/benzene  and  material  with 
an  Rf  value  of  dehydroepiandrosterone  eluted.  This  material  was  subjected  to  chroma¬ 
tography  in  i)ropylene  glycol  methylcj'clohexane  and  material  behaving  like  authentic 
<lehydroepiandrosterone  was  eluted  and  divided  into  three  aliquots. 

The  first  aliquot  was  dissolved  in  concentrated  H2SO4.  Its  absorption  spectrum  was 
recorded  and  compared  to  the  sulfuric  acid  spectrum  of  authentic  DHE.\  (20). 

The  second  aliquot  was  acetylated  with  C^^-acetic  anhydride-pyridine.  Fifty  pg. 
standard  I)HE.\  were  acetylated  in  the  same  fashion.  Both  acetylated  samples  were 
chromatographed  in  formamide-hexane  benzene  and  subsequently  in  prbpylenc  glycol 

*  Obtained  through  the  courtesy  of  Dr.  Marcel  Gut,  Worcester  Foundation  htr  E.x- 
jM'rimental  Biology,  Shrewsbury,  Massachusetts. 
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Table  1.  Concentration  ok  dehydroeimandrosterone  and  17-hydro.\ycorti- 

COSTEROIDS*  (17-OIICs)  IN  ADRENAL  VEIN  BLOOD  OK  KOI  R  DOCS 
MINCTES  AKTER  THE  “sTRESs”  OK  LAPAROTOMY  (2H) 


Sox 

Plasma  17-()HC'S  MK-/16  kg. 
body  weight /min. 

Plasma  dehydroepiandroster¬ 
one  mK  /10  kg.  body 
weight/min. 

M 

O.H 

.5 

M 

12.2 

not  detectable 

F 

7.4 

.5 

F 

8.4 

.5 

*  Dptermiiu'd  liy  the  met  hod  of  Eik-Xes  (HI). 


/'mcthylcyclohexanc.  The  location  of  the  labeled  coinpounds  was  dcterniined  by  a 
strip  counter. 

The  third  aliquot  was  divided  in  two  parts.  One  part  was  submitted  to  the  Zimmer- 
inann  reaction  as  modified  by  Wilson  and  Fairbanks  (21)  and  the  other  jiart  to  the 
reaction  of  Allen  et  al.  (22).  In  both  cases  the  absorption  speetra  of  the  color  complexes 
were  compan'd  to  those  obtained  with  standard  DHE.V. 

All  steroid  levels  excejit  those  in  Table  2  are  from  dogs  anesthetized  with  sodium 
pentobarbital. 


RESULTS 

In  Table  1  are  recorded  adrenal  vein  concentrations  of  17-hydroxy- 
corticosteroids  and  deliydroepiandrosterone  in  “stressed”  dogs  (23).  A 
high  secretion  rate  of  17-hydroxycorticosteroids  was  found,  whereas  the 
adrenal  output  of  deliydroepiandrosterone  was  too  low  to  he  measured 
adequately,  since  the  Zimmermann  curves  from  40-00  ml.  of  adrenal  vein 
blood  extract  were  far  from  conclusive  (14).  Kxtremely  low  levels  of  de- 
hydroepiandrosterone  were  found  in  blood  plasma  from  the  systemic  circu¬ 
lation  in  dogs  (Table  2).  However,  these  levels  increased  following  the 
administration  of  pregnenolone  (Table  2). 

In  order  to  determine  whether  the  conversion  of  pregnenolone  to  de- 
liydroepiandrosterone  was  done  by  the  canine  adrenal  cortex,  oO  mg.  of 

Table  2.  Pla.s.ma  levels  ok  dehydroepiandrosterone  (ng./lOO  ml.)  in  normal  docs 

AKTER  THE  INTRAVENOl’S  INJECTION  OK  10  ML.  STERILE  PROPYLENE  CLYCOL  OR  10  ML. 

.STERILE  PROPYLENE  GLYCOL  CONTAINING  DIKKEI  ...\’T  AMOCNTS  OK  PREGNENOLONE 


Dog 


Trciitmcnt 


Control 


Pliismii  dehydroepiandrosterone 
Honrs  after  injection 

1  2  4 


A 

Propylene  glycol 

0.9 

* 

0.90 

0.8 

H 

Propylene  glycol 

0.5 

0.4 

0.6 

0.7 

C 

50  mg.  pregnenolone 

* 

97.0 

68.0 

* 

I) 

50  mg.  pregnenolone 

* 

44.0 

27.0 

* 

K 

50  mg.  pregnenolone 

1  .H 

* 

44.0 

H6.0 

F 

5  mg.  pregnenolone 

H.O 

19.0 

16.0 

IH.O 

(4 

5  mg.  pregnenolone 

1  .9 

* 

14.0 

10.0 

H 

5  mg.  pregnenolone 

2.0 

10.0 

10.0 

9.0 

N'ot  measured. 
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a.  Plasma  i.evei 

.S  OK  DEII VDROEIU AXDI 

llOSTKItONK  .\FTKK  TIIK 

INTUAVKNOl S  l\- 

.lECTH 

IN  OK  CREGNENOL* 

)XE  OR  I7«-HYDKoX  Yl 

'ltK<5\E.N4MdlNK  I\Ti»  TIIK  1S0I,.\TF:1)  I»0(J 

LE( 

:  (all  steroid  le 

VELS  EX|■HES^^ED  IN  /iK-/TOTAI,  I’I.AS.MA  SAMI’ 

LE  obtained) 

Dog 

Steroid  injected 

Time  after  in¬ 
jection  (minutes) 

Volume  of  blood 
plasma  obtained  dur¬ 
ing  this  period  (ml.) 

1  )ehydroepiandro- 
sterone  mK /total 
])lasma  sample 

P 

Pregnenolone 

0-  5 

02 

20 

(20  kg.) 

50  mg. 

5  12 

80 

a2 

12-21 

101 

ao 

2i-:io 

oa 

2a 

:iO-42 

84 

10 

42-50 

78 

20 

50-(i0 

04 

50 

(f 

17«-liydroxy- 

0-  2 

120 

10 

CH  kg.) 

pregnenolone 

2-  0 

1 14 

as 

10  mg. 

0  1 1 

08 

20 

1 1-15 

00 

2a 

15  22 

105 

25 

22-a2 

104 

27 

:i2-4 1 

114 

ao 

41-51 

04 

27 

51-01 

40 

10 

Plasma  concciitratioiis  of  (lohydroopiaiHlrostcronc  in  venous  hlood  of  normal  dogs  not 
given  pregnenolone  or  1 7o-livdroxvj)regnenolone  have  been  found  to  range  from  1-d  mK-  P**'' 
100  ml.  ((’f.  Table  2.) 


pregnenolone  were  injected  intravenously  into  a  dog  in  whicli  the  right 
adrenal  gland  had  Iteen  removed  and  the  left  adrenal  gland  cannulated. 
The  levels  of  dehydroepiandrosterone  in  most  samples  of  adrenal  venous 
effluent  did  not  exceed  those  of  systemic  blood  plasma  collected  simul¬ 
taneously. 

When  oO  mg,  of  pregnenolone  were  injected  by  the  portal  vein  of  the 
dog,  the  concentration  of  dehydroepiandrosterone  in  hepatic  venous  blood 
was  at  no  time  considerably  higher  than  that  of  the  femoral  vein. 

Since  the  experiments  failed  to  show  that  either  the  adrenal  cortex  or 
hepatic  tissue  were  the  predominant  sites  of  conversion  of  pregnenolone 
to  dehydroepiandrosterone,  the  ability  of  the  hind  leg  in  the  dog  to  con¬ 
vert  pregnenolone  to  plasma  dehydroepiandrosterone  was  tested.  Table  3 
clearly  demonstrates  that  the  isolated  dog  leg  is  capable  of  transforming 

T.\B1.E  4.  C.\RB()X'*  IX  ETH.WOLIC  E.XTRACTS  OK  PI..ASM.\  KROM  DOC.S  GIVEN’  DIK- 
KEREXT  C'^  I..\BEI.EII  STEROID  HORMONES  BY'  THE  ISOL.YTEI)  DOG  LEG. 

.\LL  blood  S.AMI’LES  were  OBT.MXED  SIMCLT.ANEorSLY’ 


Hormone  administered  liy 
the  femoral  artery 


1 ,000,000  ejiin  testosterone-4-C'* 
1,000,0(K)  epm  eortisol-4-C“ 
1,0(K),(MM)  epm  (•ortisol-4-C'^ 
1,000,000  epm  progesterone-4-C‘* 


*Counts/minute/10  ml.  blood  plasma  extract 


Time  after 
administration 
(min.) 

Vein  blood  from 
the  i.solated 
leg 

Vein  blood  from 
the  jugular 
vein 

10 

aoas 

not  detectable 

ao 

1020 

8 

00 

1020 

0 

20 

1010 

2 

Kxtracts  eounteil  in  a  windowh'.s.s  counter. 
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pregnenolone  and  17a-hydroxypregnenolone  to  plasma  dehydroepiandro- 
sterone. 

Of  course,  the  possibility  exists  that  the  isolated  dog  leg  preparation 
leaks  and  hence  allows  the  re-entrance  of  steroids  by  the  intact  arterial 
supply.  To  test  this,  several  experiments  were  done  utilizing  different 
radioactive  steroids.  Tables  4  and  o  indicate  that  this  leakage  is  minimal. 

Using  the  isolated  dog  leg  preparation,  10  mg.  tritium  labeled  pregneno¬ 
lone  with  10®  disintegrations  minute  mg.  were  given.  The  pla.sma  dehy- 
droepiandrosterone  isolated  from  the  venous  effluent  over  58  minutes  gave 
7570  cpm.  At  an  efficiency  of  10%  this  corresponds  to  75,700  disintegra¬ 
tions  minute.  Hence,  the  total  conversion  of  pregnenolone  to  plasma  de- 
hydroepiandrosterone  by  the  isolated  dog  leg  over  the  period  tested 
amounted  to  0.79%.  In  another  experiment  on  the  isolated  dog  leg  a  con- 


Tabi.e  o.  Radioactivity  (c  pm/K)  o.  tissi  e)  ix  ethanol  extract  of  tissce  homooexates 

FROM  DIFFERENT  TISSCES  OBTAINED  FROM  THE  ISOLATED  DOC  LEC  AND  THE  CONTROL 
LEC.  GO  MINCTES  AFTER  THE  INTRA-ARTERIAL  ADMINISTRATION  OF  1,000,000 
CI’M  TRITIl  M  LABELED  I’REONENOLONE  BY  THE  ISOLATED  LEC 


Tissue* 


Coiints/minutc‘/10  gm.  tissue* 
Isoliite*ei  le*g  (^introl  le*g 


Fonioral  iirtci  v 

i;i.T 

not  detect  able 

Fat 

100 

2 

Femoral  nerve 

107 

not  (l(*tectal>le 

Lvinphatie  tissue 

210 

5 

Femoral  vein 

120 

2 

Muscular 

108 

version  of  labeled  pregnenolone  to  plasma  dehydroepiandrosterone  of 
1.09%  was  found. 

The  identity  of  dehydroepiandrosterone  isolated  in  these  two  experi¬ 
ments  was  proven  by  running  rates  of  the  free  and  acetylated  compounds 
in  different  .systems  of  paper  chromatography,  and  by  crystallization  of 
the  acetate  to  constant  specific  activity  after  dilution  with  non-labeled 
dehydroepiandrosterone  acetate.  After  the  first  recrystallization  the  spe¬ 
cific  activity  was  found  to  be  1.18  cpm  /xg.  dehydroepiandrosterone  ace¬ 
tate,  after  the  second  crystallization  1.08  cpm  )ug.  and  after  the  third 
crystallization  a  specific  activity  of  1.24  cpm  /xg.  DHKA  acetate  was  ob¬ 
tained. 

By  .similar  paper  chromatographic  criteria,  and  also  by  partition  be¬ 
havior  in  HoO  ethanol-ethyl  acetate  hexane,  dehydroepiandrosterone  was 
identified  in  plasma  of  two  evi.scerated,  adrenalectomized  and  gonadecto- 
mized  dogs  obtained  85  minutes  after  the  administration  of  pregnenolone 

I.V. 

The  identity  of  dehydroepiandrosterone  in  the  venous  effluent  of  the 
isolated  dog  leg  after  administration  of  non-labeled  pregnenolone  was 


772 


OKHTKL  AND  KIK-NKS 


Volume  Go 


TaBI.E  (i.  (.'OMI’ARISON  BETWEEN  THE  COMI’orXI)  OBTAINED  FROM  ISOLATED  DOO  LEO 
PLASMA  AFTER  ADMINISTRATION  OF  50  MG.  PREONENOLONE  AND  STANDARD  DEIIYDRO- 
EPIANDROSTERO.NE.  .\  TOTAL  AMoTNT  OK  000  .ML.  PLASMA  WAS  PROCESSED 


Criteria 

HesiiltF 

Plasma  eomponnd 

Authentic  DHEA 

1.  Paper  chromatography: 

Formamide/hexaiie-lienzene  (1:1  v/v) 

Hf  0.72 

R  F  0 . 7;} 

Propylene  glycol /met  hyl-eyelohexane 

Rt*  1  .8(i 

Rt  1  .88 

la.  .\fter  acetylation. 

Formamide/hexane-benzene  (1:1  v/v) 

Rk  0.02 

Rk0.02 

Propylene  glycol  /  met  hy  1-cyclohexane 

Rt  4.  It) 

Rt4.00 

2.  Zimmermann  reaction: 

.\bsorption  maximum 
:f.  .\llen’s  reaction: 

508  niM 

510  mp 

.\bsori)tion  maximum 

002  ni/i 

002  niM 

*  KT  =  rpliitive  mobility  referring  to  standurd  testosterone. 


demonstrated  by  running  rates  of  the  free  compound  and  its  labeled 
acetate  in  different  systems  of  paper  chromatography  (Table  (i),  by  its 
absorption  curves  in  the  Zimmermann  and  Allen  reaction  and  by  its 
sulfuric  acid  chromogen  spectrum  (Fig.  1). 

Apparently,  dehydroepiandrosterone  leaves  the  isolated  leg  in  conju¬ 
gated  form  (Fig.  2)  and  without  hydrolysis  no  dehydroepiandrosterone 
could  be  detected  by  our  method  in  adrenal,  hepatic,  or  peripheral  blood  of  any 
of  the  dogs  st  udied. 

In  order  to  exclude  the  conversion  of  pregnenolone  to  dehydroepiandre- 
sterone  by  the  analytical  procedures,  50  and  100  jug.  pregnenolone  were 
added  to  10  ml.  of  a  5%  albumin  solution  ami  subjected  to  the  various 
steps  of  the  method  (14).  No  dehydroepiandrosterone  could  be  deter¬ 
mined.  Likewise,  the  incubation  of  10  ml.  fre.sh  whole  dog  blood  or  10  ml. 
fresh  dog  plasma  with  500  mK  pregnenolone  for  1  hour  at  87°  C  failed  to 
give  evidence  of  a  transformation  of  pregnenolone  to  dehydroepiandro¬ 
sterone.  Further,  two  5  mg.  samples  of  pregnenolone  in  propylene  glycol 
and  2  samples  containing  500  mS-  of  17a-hydroxypregnenolone  were  as- 


Fig.  1.  Sulfuric  acid  spectrum  of  stand¬ 
ard  dehydroepiandrosterone  and  dehydro¬ 
epiandrosterone  obtained  from  the  iso¬ 
lated  dog  leg  after  administration  of 
pregnenolone 

- Dehydroepiandrosterone  from 

the  isolated  dog  leg 

- Standard  dehydroepiandros¬ 
terone 
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Fig.  2.  Hydrolysis  of  DHF.V  conjusates  | 
in  blood  plasma  from  tin*  isolatod  dof?  log  ° 
following  tlie  administration  of  50  mg.  ^ 
prognonolono.  .Vll  lovels  aro  oxprossod  in  ^ 
micrograms  100  ml.  ^ 

Pepsin:  obtained  from  Worthington  Rio-  | 
ehemieal  Corp.,  Freehold,  X.J.  ^ 

Phosphatase:  obtained  from  Worthington 
Rioehemieal  Corp.,  Freehold,  X.J. 


MINUTES  AFTER  PREGNENOLONE 

sayed  for  deliydroepiandrosterone  by  tlie  analytical  procedures  (14).  De- 
hydroepiandrosterone  could  not  be  detected  in  these  samples.  Finally, 
we  were  unable  to  detect  any  deliydroepiandrosterone  in  the  randomly 
labeled  pregnenolone  used  in  this  investigation. 

DISCUSSIOX 

The  data  of  this  paper  demonstrate  that 

a)  the  adrenal  .secretion  of  dehydroepiandrosterone  in  “stres.sed”  dogs  is 
very  minute  compared  to  that  of  17-hydroxycorticosteroids, 

b)  the  concentration  of  dehydroepiandrosterone  in  the  sy.stemic  blood  of 
the  dog  is,  by  the  best  estimation,  only  equal  to  that  of  17-hydroxy- 
corticosteroids, 

c)  pregnenolone  and  17a-hydroxy pregnenolone  can  be  converted  to 
plasma  dehydroepiandrosterone  in  normal  dogs  and  dogs  exposed  to 
the  “stre.ss”  of  sodium  pentobarbital  anesthesia  and  surgical  opera¬ 
tion.  In  the  absence  of  adrenals,  testis  and  liver,  a  conversion  of 
randomly  labeled  tritiated  pregnenolone  to  tritiated  plasma  dehy¬ 
droepiandrosterone  still  takes  place. 

d)  tissues  of  the  right  hind  leg  in  the  dog  with  an  intact  arterial  blood 
supply  can  convert  pregnenolone  and  17a-hydroxy pregnenolone  to 
plasma  dehydroepiandrosterone. 

Some  of  these  findings  warrant  further  comment.  Hechter  cl  al.  (4)  and 
Carsten.sen  (5)  have  ob.served  that  17-ketosteroids  are  .secreted  by  the 
canine  adrenal;  however,  in  both  investigations  the  17-ketosteroid  ma- 
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terial  found  also  possessed  a  A^-.3-keto  configuration.  Our  data  will  not 
allow  the  conclusion  that  A^-3/(3-hydroxy-17-ketosteroids  are  secretory 
products  of  the  canine  adrenal  cortex  since  in  the  adrenal  plasma  volumes 
processed  (40-()0  ml.)  the  concentration  of  dehydroepiandrosterone  was 
too  low  to  be  identified  adequately.  Further,  dehydroepiandrosterone  was 
not  found  in  adrenal  vein  blood  of  control  animals  or  animals  given  preg¬ 
nenolone  unless  the  plasma  had  been  subjected  to  hydrolysis.  It  is  not 
very  likely  that  the  adrenal  cortex  secretes  a  conjugated  steroid.  Finally, 
when  systemic  blood  and  adrenal  vein  blood  were  obtained  simultaneously 
and  assayed  for  dehydroepiandrosterone,  the  systemic  blood  had  the  .same 
concentration  of  this  steroid  as  the  adrenal  vein  blood. 

The.se  observations  could  permit  the  conclusion  that  a  species  difference 
exists  between  dog  and  man  in  secretion  of  C-19  steroids;  however,  opinion 
concerning  the  production  of  dehydroepiandrosterone  by  the  human 
adrenal  is  still  in  a  state  of  flux.  The  in  vitro  synthe.sis  of  dehydroepiandro¬ 
sterone  from  sodium  acetate-1  has  been  achieved  by  slices  of  an  adrenal 
gland  obtained  from  a  patient  .suffering  from  the  adrenogenital  syndrome 
(24).  “ACTH  had  no  significant  effect  on  the  accumulation  of  dehydro¬ 
epiandrosterone  in  this  .system”  (24),  whereas  the  administration  of  ACTH 
in  vivo  will  increase  plasma  levels  of  dehydroepiandrosterone  in  normal 
human  subjects  (25).  However,  this  ACTH  respon.se  is  delayed  compared 
to  the  prompt  respon.se  of  plasma  17-hydroxycorticosteroids  (25).  From 
a  study  of  steroid  concentrations  in  adrenal  vein  blood  and  urine  in  a  wom¬ 
an  with  virilism,  Bu.sh  et  al.  (26)  concluded  that  only  about  10%  of  the 
dehydroepiandrosterone  excreted  could  be  accounted  for  in  terms  of  its 
adrenocortical  production,  and  Plantin  et  al.  (27)  isolated  about  700  mi¬ 
crograms  dehydroepiandrosterone  from  the  adrenal  glands  of  a  virilized 
female  patient  excreting  about  84  mg.  dehydroepiandrosterone  per  24 
hours. 

In  the  normal  man,  the  plasma  concentrations  of  dehydroepiandroster¬ 
one  have  been  found  to  range  between  40-70  /xR-  100  ml.  (28),  whereas 
free  plasma  17-hydroxycorticosteroids  are  only  about  25%-40%  of  that 
of  dehydroepiandrosterone  (29).  In  the  normal  dog  from  2-4  free  17- 
hydroxy  corticosteroids  are  found  in  100  ml.  plasma  (23)  and  the  plasma 
concentration  of  dehydroepiandrosterone  apparently  does  not  exceed 
3  /XK-/100  ml.  (Table  2).  The  reason  for  this  difference  between  man  and 
dog  is  unknown,  unless  as  .suggested  by  Paschkis  et  ol.  (6),  the  dog  rapidly 
metabolizes  17-ketosteroid.s  to  compounds  not  giving  rise  to  a  Zimmer- 
mann  chromogen. 

The  chemical  data  presented  will  allow  the  conclusion  that  both  preg¬ 
nenolone  and  17a-hydroxypregnenolone  may  serve  as  precursors  for 
plasma  dehydroepiandrosterone  in  the  dog.  Whether  or  not  pregnenolone 
has  to  be  hydroxylated  in  po.sition  17  before  being  metabolized  to  dehy¬ 
droepiandrosterone  cannot  be  .stated  from  the  body  of  information  pre- 
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sent(Ml.  II()\v('V(‘r,  llu*  ivci'iit  isolation  and  idinitification  of  ITa-hydroxy- 
prognenolonc  in  the  adrenal  vein  blood  of  dof^s  }2:iven  ACTII  (;i())  eould 
suggest  that  17a-hydroxy pregnenolone  seereted  by  the  adrenal  gland  is  a 
precursor  for  dehydroepiandrosterone  in  the  systemic  blood  of  the  dog 
under  physiological  conditions. 

Where  is  pregnenolone  or  17a-hydroxypregnenolone  converted  to 
plasma  dehydroepiandrosterone  in  the  dog?  In  light  of  the  data  we  are 
forced  to  propose  the  rather  unattractiv’e  theory  that  this  conversion  can 
take  place  in  the  absence  of  adrenals,  testis  and  liv'er.  This  does  not  neces¬ 
sarily  mean  that  these  organs  are  not  involved  in  the  metabolism  of  preg¬ 
nenolone  and  17a-hydroxy pregnenolone  to  plasma  dehydroepiandroster¬ 
one  in  the  normal  animal,  but  it  would  .seem  from  these  results  that  their 
contribution  may  l)e  minor  in  the  dog.  What  relative  role  the  tissues  of  the 
hind  leg  of  the  dog  play  in  the  metabolism  of  17a-hydroxypregnenolone 
to  plasma  dehydroepiandrosterone  in  the  intact  animal  cannot  be  evalu¬ 
ated  from  our  data  since  they  are  computed  from  anesthetized  mongrel 
dogs  differing  in  age,  weight  and  nutritional  status. 
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ACTION  OF  A1)RENAL(X)RTK'AL  STEROIDS  ON 
(XTTURED  (’ELLS 

HENRY  (JROSSFELI) 

Ih  jxirtuH  ut  of  Orthopedic  Surgery,  College  of  Phy,winns  and  Surgeons, 

Columhin  I'niversity,  Xew  York,  X. 

ABSTRAC’T 

A  (•()rr(‘s|)on(l(Mic('  exists  betwei'ii  the  direet  aetioii  of  adrenoeortieal  hor¬ 
mones  on  eultured  ecdls  and  their  aetion  in  tiie  organism,  hdiihition  of  growth 
and  depression  of  res])iration  and  of  i)roduetion  of  nuieopolysaecliaride  in 
tissue  eultun*  liy  hydroeortisone  in  hiffh  eoneentration  appear  to  he  related  to 
the  inliihition  of  wound  healing  hy  exeess  hydroeortisone.  The  growth-inhihi- 
tory  aetion  of  metieortelone  on  eultured  eells  is,  as  in  the  whole  organism, 
about  3  times  greater  than  that  of  hydroeortisone.  Hydroeortisone  in  low  oon- 
eentration  stimulates  respiration  thus  increasing  energy  produetion.  In  the 
organism,  this  a])pears  to  he  the  cause  of  the  increase  of  work  efficiency  undc'r 
the  influence  of  hydrocortisone.  In  high  concentrations,  hydrocortisone  de- 
l)resses  respiration  and  increases  aerobic  glycolysis.  The  i)resent  finding  that 
excess  hydrocortisone  stimulates  anaerobic  metabolism  provides  a  basis  for 
analyzing  the  role  of  the  adrenal  cortex  in  the  pc'rformanee  of  strenuous  work 
in  states  of  emergeney,  for  whieh  a  supply  of  anaerobie  energy  is  retpiired 
(24,25). 

INHIBITION  of  protein  synthesi.s  and  stimulation  of  gluconeogenesis 
from  amino  acids  hv  glucocorticoids  are  firmly  established.  Less  con¬ 
clusive  evidence  has  been  gained  regarding  the  question  whether  glu¬ 
cocorticoids  affect  the  rate  of  glucose  oxidation.  A  decrease  of  glucose 
oxidation  and  impaired  utilization  of  carbohydrate  have  been  found  when 
large  doses  of  corticoids  were  given  (1,  2).  The  “diabetogenic”  effect  of 
C-1 1-oxygenated  steroids  was  accordingly  thought  to  be  caused  not  only 
by  excessive  gluconeogenesis  from  amino  acids,  but  also  by  diminished 
glucose  utilization  (4-0).  In  recent  work,  however,  in  which  labeled  glu¬ 
cose  was  used,  no  significant  impairment  of  oxidation  under  the  influence 
of  glucocorticoids  was  detected  (2,  3).  On  the  other  hand,  the  stimulatory 
effect  of  glucocorticoids  on  the  ability  of  muscle  to  do  work  indicated  an 
increase  of  energy  production,  and  in  many  reports  the  adrenal  cortex  was 
found  largely  responsible  for  stimulating  metabolic  rate  (1,  7).  It  was 
thought,  therefore,  that  an  investigation  into  the  direct  action  of  gluco¬ 
corticoids  on  cultured  cells  might  contribute  to  the  elucidation  of  this 
(jiiestion. 

METHODS 

The  method  of  growth  estimation  l)y  enumeration  of  eell  niielei  as  fleserii)e(i  i)y  San¬ 
ford  et  al.  (8)  was  used  for  growth  estimation  of  established  eell  strains.  Earle’s  strain  L 

Received  December  12,  1958. 


777 


77S 


(IROSSFKLI) 


Voliouc  6-i 


ilcrivt'il  t'roiii  a  lilirnhiast  isolattal  from  a  (‘ulturo  of  normal  a<liposc  sulx'iitanoous  tissur  of 
till'  mouse  was  found  very  n'spousivc'  to  tlie  aetioii  of  liydroeortisoue.  'I'liis  <-ell  strain, 
liowi'ver,  like  otluT  (“stahlislied  cell  strains  was  not  i)rodueinK  mueopolysaeeliaridi's 
in  vitro,  as  wt're  fil)rol)lasts  in  ])rimary  eultures  (9-1 1).  I’lie  action  of  meticortelone,  which 
in  the  intact  organism  is  more  j)otent  than  hydrocortisone,  was  compraed  with  the  action 
of  the  latttT. 

To  i)rimary  cultures  of  fibroblasts  growing  from  explants  of  embryonic  chick  bone  in 
roller  tubes  or  in  Petroff  flasks  and  regularly  i)roducing  hyaluronic,  acid  in  vitro  for  several 
months  (10),  hydrocortisone  was  added  in  various  concentrations  for  studying  the  effect 
of  hydrocortisone  on  production  of  acid  mucopolysaccharide. 

For  analyzing  the  (“ffect  of  hydrocortisone,  in  low  concentrations,  on  survival  of 
starved  cells,  the  following  i)rocedure  was  employed.  To  the  medium  of  cover-slii)  cul¬ 
tures  consisting  of  plasma  and  chick  amniotic  fluid  (12),  hydrocortisone  in  various  con¬ 
centrations  (0.10-20  /xg.  ml.)  was  added,  .\fter  incubation  for  various  periods  of  tinn* 
without  nmewal  of  medium,  vital  staining  with  neutral  red  was  carried  out,  and  210 
cultures  of  fibroblasts  used  in  the  ex|M'riment,  including  control  cultures  without  hydro¬ 
cortisone,  were  classified  in  groups  .V  (all  cells  alive),  .VI  (most  cells  alive),  H  (all  eells 
dead)  and  Bl  (most  cells  dead). 

'Fhe  action  of  hydrocortisone,  and  of  desoxycorticosterone  on  respiration  and  aerobic 
glycolysis  of  cultured  cells  was  investigated.  Strain  L  cells  were  carried  in  T-00  flasks 
in  a  medium  of  embryo  extract,  horse  serum  and  Earle’s  balanced  salt  solution  in  pro¬ 
portions  of  20:40:40,  containing  0.22%  XaHCOs.  0.0125%  XaH2P()4  HoO,  and  phenol 
nxl  as  pH  indicator;  the  pH  was  adjusted  to  7.40.  The  medium  was  changed  2  to  3  times 
a  week.  Cells  of  8  flasks,  each  containing  about  15X10®  cells,  were  pooled,  centrifuged, 
and  tin*  residue  suspend(‘d  in  25  ml  of  fresh  medium.  Three  ml  of  the  cell  suspension 
were  j)ut  into  each  of  the  8  Warburg  flasks,  and  the  remainder  was  used  for  enumeration 
of  cell  nuclei.  To  each  of  four  Warburg  flasks  0.50  ml  of  Earle’s  salt  solution  containing 
hydrocortisone  in  a  concentration  of  125  /xg.  j)(*r  ml  was  added,  and  to  4  control  flasks, 
0..50  ml.  Earle’s  salt  solution  without  hydrocortisone.  The  stock  solution  of  hydrocorti¬ 
sone  contained  50%  ethanol.  Therefore,  ethanol  in  etjual  final  dilution  was  added  to 
the  control  vessels.  In  mo.st  cases  control  and  exi)erimental  vessels  were  in  duplicate:  two 
control  vessels  containing  0.20  ml.  of  15%  KOH  in  the  center  well  to  trap  carbon  dioxide, 
and  two  control  flasks  containing  0.20  ml.  H2O  in  the  center  well  for  measurement  of 
aerobic  glycolysis;  two  flasks  for  02-uptakc  in  the  i)resence  of  hydrocortisone  and  two 
for  aerobic  glycolysis  in  the  presence  of  hydrocortisone.  The  manometer  reading  of  the 
flasks  with  H.O  in  the  center  well  is  the  resultant  of  both  the  consumption  of  O2  (as 
shown  in  the  flasks  with  alkali)  and  the  liberation  of  COo.  .\erobic  glycolysis  is  thus  ob¬ 
tained  by  the  difference  between  the  readings  on  the  flasks  with  and  without  alkali,  as¬ 
suming  that  the  R.t^.  is  in  the  neighborhood  of  1 .  This  “direct  method’’  ( 1 3)  was  employed 
because,  for  comparison  of  values  obtained  in  the  presence  and  in  the  absence  of  hydro¬ 
cortisone,  the  effect,  if  any,  of  CO2  on  the  rate  of  resjnration,  was  assumed  to  be  negligi¬ 
ble.  In  a  second  group  of  experiments,  to  4  of  8  T-60  flasks  containing  equal  numbers  of 
cells,  hydrocortisone  in  concentrations  of  0.50  to  1.50  /xg.  ml.  was  added  at  the  time  of 
explantation.  After  72  hrs.,  h3'drocortisone  in  the  same  concentration  was  added  to 
each  of  the  4  flasks  (without  renewal  of  the  medium)  plus  2.50  ml.  new  medium,  .\fter 
furtluT  24  hrs.  (90  hrs.  from  the  beginning  of  the  exp<*riment),  hydrocortisone  in  the 
same  final  concentration  was  again  added  to  cell  susptmsions  of  the  4  Warburg  flasks, 
before  i)utting  them  in  the  manometric  bath.  Each  Warburg  flask  contained  in  its  main 
comi)artment  equal  numbers  of  cells  suspended  in  3  ml.  of  new  medium,  to  which  0.50 
ml.  Earle’s  salt  solution  containing  hydrocortisone  was  added.  P’our  control  vessels 
were  treated  the  same  way,  but  without  hydrocortisone.  In  4  expx'riments,  cholesterol. 
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Table  1.  C'ell  growth  inhibition  by  hydrocortisone 


Exper.  no. 

('one. 

hyilrocorti.'ione 

Mg. /ml. 

Number  of 

Control 

cell  nuclei  X  10® 

Hydrocortisone 

l’('rcent 

inhibition 

1 

125 

2.44 

1  .aa 

40 

2 

125 

0 .75 

0.45 

40 

:1 

125 

0.00 

0 .  .55 

45 

4 

1 25 

0 . 00 

o.aa 

52 

0 

l*Jo 

1  .5:5 

0.02 

40 

() 

125 

1  .40 

1  .04 

20 

7 

125 

0.71 

0.40 

a5 

8 

125 

1  .81 

1  . 15 

ao 

a 

125 

0.05 

0.08 

28 

to 

125 

1  .50 

0.01 

42 

i  1 

125 

1  .08 

1  .01 

40 

12 

5(1 

2.02 

2.a2 

1 1 

la 

200 

2 . 45 

1  .02 

58 

14 

25 

2.45 

2.4a 

21 

cortisone  acetate,  and  tlie  inineraloeortieoid  (li'soxyeortieosti'ione  were  also  addl'd  as 
controls. 

RESULTS 

The  average  growtli  inliihition  of  strain  L  cells  caused  by  a  single  dose 
of  hydrocortisone  in  concentration  of  125  Mg./ml.  was  found  to  be  40%  in 
11  experiments  (Table  1),  while  meticortelone  was  found  to  be  much  more 
inhibitory  (Table  2). 

Production  of  hyaluronic  acid  in  primary  cultures  of  tissues  of  mesen¬ 
chymal  origin  was  reduced,  and  after  1-2  renewals  of  medium  it  stopped 
altogether  following  treatment  with  high  concentrations  of  hydrocortisone 
(about  150  jug.  ml.). 

Ctdtures  in  a  medium  of  chicken  plasma  and  amniotic  fluid,  treated  with 
hydrocorti.sone  in  low  concentrations  and  incubated  for  S  days  without 
change  of  medium  showed  a  longer  average  time  of  survival,  namely,  4S% 
of  cultures  were  classified  as  group  A,  ;15%  as  group  Al,  none  as  group  B, 
and  17%  as  group  Bl,  while  of  control  cultures  S%  belonged  to  group  A, 


Table  2.  .Vcthin  <»k  meticortelone  on  growth  e.stimated 

BY  CELL  NCI  LEI  EN  I  MIGRATION 


Number  of  exiier. 

(-'oncentration 

Mg./ml. 

Number  of  cell  nuclei 

10® 

Percent 

inhibition 

1 

t) 

2.5 

5 

2.4a 

4 

12.5 

1  .07 

ao 

2 

0 

0.80 

_ 

25 

0.54 

aa 

100 

0.40 

50 

a* 

0 

1  .70 

.5 

1  .44 

10 

12.5 

1  .00 

45 

*  Treated  twice  with  meticortelone. 
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Table  Actidn  of  a  sixoi.e  growth-inhibitory  hose  ok  hydro¬ 
cortisone  ON  RESPIRATION  AM)  AEROBIC  GLYCOLYSIS 


(’oneen- 
tratioii 
Mg. /ml. 

m1.  O2  consumed 

ifter  hours 

COa  evolved  after  hours* 

1  2 

3 

4  5 

1 

2 

3 

4 

5 

1 

150 

-  81  -128 

-144 

-143  — 

+  42 

+  33 

+28 

+  10 

_ 

'» 

—  1 1 5  —  1 00 

-214 

-221  — 

0 

0 

0 

0 

— 

2 

125 

-  10  -  28 

-  47 

—  — 

+00 

+  185 

+  134 

_ 

_ 

0 

-  44  -  70 

-  08 

z —  — 

+21 

+  50 

+  25 

— 

— 

3 

125 

-  21  -  33 

-  30 

—  45  — 

+  08 

+  113 

+  153 

+  141 

— 

0 

-  40  -  57 

-  84 

-  07  — 

+  10 

+  40 

+  25 

+  17 

— 

4 

125 

-  55  -102 

-130 

-140  -153 

+88 

+  40 

+  72 

+  02 

+  80 

0 

-  88  -155 

-225 

-258  -280 

0 

0 

0 

0 

0 

5 

125 

0 

-  13  -  50 

-  41  -157 

—  ()5 
-240 

-  02  -  73 

-313  -302 

+  00 

0 

+  110 

0 

+  83 

0 

+  05 

0 

+  45 

(i 

100 

-  87  -141 

-103 

-188  — 

+  43 

+  131 

+  143 

+  123 

— 

0 

-  00  -175 

-187 

-210  — 

0 

0 

0 

0 

— 

7 

00 

—  54  —  72 

-100 

-113  — 

+52 

+  138 

+  140 

+  100 

_ _ 

0 

-  78  -110 

-130 

-140  — 

0 

0 

0 

0 

— 

*  After  subtraction  of  respiratory  COj. 


24%  to  Al,  47%  to  B,  and  21%  to  Bl.  After  12  day.s  of  incubation,  28% 
of  treated  cultures  were  found  in  group  A,  52%  in  Al,  none  in  B,  and  20% 
in  Bl,  while  in  control  cultures,  8%  were  found  in  group  A,  24%  in  group 
Al,  50%  in  B,  and  23%  in  Bl.  When,  after  8  days  of  incubation,  cultures 
were  kept  at  room  temperature  for  12  more  days  a  similar  effect  was  ob¬ 
served. 

The  investigation  of  the  influence  of  hydrocortisone  on  respiration  and 


Table  4.  Stimclation  <»k  respiration  by  lower 

CONCENTRATIONS  OF  HYDROCORTISONE 


# 

1 

C’onceiitration 

M'/m’.* 

mI.  O2  c 

onsumed  afte 

T  hours 

1  2 

1 

4 

5 

1 

1.50 

-181 

;  -270 

-374  1 

-474 

-530 

0  1 

-133 

-100  i 

-230  ! 

-271 

-273 

2 

1.50  ! 

-103 

-303 

-402 

—  0()8 

_ 

0 

-141 

1  -241 

-300 

-340 

— 

3 

1  .50 

-130 

^  -210 

-200 

-300 

_ 

0 

1  -  04 

1  -100 

-103 

-220 

— 

4 

2.00 

I 

1  -17(> 

-370 

-.524  1 

1  —  0()4 

_ 

0 

!  -  07 

-227 

-313 

-340 

— 

5 

0 .  .50 

i  -  78 

-123 

-1.50 

j  -187. 

1  _ 

0 

:  -  07 

-  0(i 

1  -104 

,  -114 

— 

0 

'  1.25 

I  -  72 

-100 

'  -120 

1  -145 

i  -1.52 

0 

!  —  47 

-  00 

1  -  04 

1  -  81 

—  70 

*  AJdcd  to  the  culture.s  3  times. 
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Table  5.  Action  of  corticosteroids  ox  respiration 
OF  STRAIN  L  fibroblasts 


Steroid 

Concen¬ 

tration 

/il.  (>2  consumed  after  hour 

s 

1 

2 

a 

4 

Ilydroco'tisone 

1  .25 

-128 

1  -217 

-2t)!t 

-827 

1  lesoxycorticosterone 

1.25 

-  8li 

i  -i:{7 

-158 

-174 

('ontrol 

— 

i  -  78 

1  -115 

-  121 

— 125 

Cholesterol 

1  .25 

1  -  i»:i 

-i:n> 

-12(i 

-128 

*  Added  to  the  cultures  d  times:  iKi  liours,  24  hours,  :iud  1  hour  before  the  experiment  in 
Warburn’s  manometrie  liath. 


on  aerobic  glycolysis  of  cultured  cells  gave  the  following  results.  In  the 
first  group  of  experiments,  a  single  dose  of  hydrocortisone  in  high  concen¬ 
tration  added  to  the  cell  suspension  in  Warburg  flasks  caused  inhibition  of 
respiration  coupled  with  significant  increase  of  aerobic  glycolysis  (Table 
3).  Hydrocortisone  in  the  same  concentration  added  in  a  single  dose  to 
cultured  cells  cause  growth  iidiibition  averaging  40%  for  125  mK-  nil.  as 
determined  by  enumeration  of  cell  nuclei  (Table  1).  In  the  second  group  of 
experiments,  hydrocortisone  added  to  the  cultures  at  96  hrs.,  at  24  hrs., 
and  immediately  before  the  manometrie  experiment,  caused  stimulation 
of  respiration  (Table -4).  The  mineralocorticoid  desoxycorticosterone 
showed  a  considerably  smaller  eft’ect  than  hydrocortisone  (Tables  5-6). 

In  cultures  treated  with  a  single  dose  of  high  concentrations  of  hydro¬ 
cortisone,  the  average  size  of  nucleoli  was  estimated  to  be  smaller  than  in 
untreated  cultures.  Diminution  in  size  of  nucleoli  was  thought  to  be  re¬ 
lated  to  depression  of  protein  synthesis  by  hydrocortisone  in  high  con¬ 
centrations  (16). 

DISCUSSION 

The  original  manometrie  Warburg  procedure  for  determination  of  gly¬ 
colysis  rates  has  been  used  in  the  present  work  in  which  the  lactic  acid 


Table  (i.  Action  of  corticosteroids  on  respiration 
OF  STRAIN  L  fibroblasts 


Steroid 

Concen¬ 

tration 

MR./nd.* 

/ul.  (>2  consumed  after  minutes 

80  i 

00  1 

150  ! 

210 

240 

Hydrocortisone 

1  .25 

-84  ■ 

-258  j 

-858  j 

-410 

-480 

1  lesoxycorticosterone 

1  .25 

-02  ! 

- 1 50  1 

-228  1 

-210 

-281 

(%>rtisone 

1  1  .25 

-04 

-151  1 

- 1  lit 

-187 

-105 

Control 

—  5() 

1  -  87  1 

-  84 

1  -  88 

-  08 

*  Added  to  cultures  '.i  times:  (Hi  hours,  24  hours,  and  I  hour  before  the  experiment  in 
Warburg’s  monometric  bath. 
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produced  was  measured  indirectly  by  estimation  of  the  cubic  millimeters 
of  CO-,  liberated  by  lactic  acid  from  bicarbonate  and  the  assumption  has 
been  made  that  the  respiratory  quotient  is  in  the  neighborhood  of  1  (14, 
15). 

Results  of  measurements  of  aerobic  glycolysis  by  chemical  estimation 
of  lactic  acid,  which  are  in  substantial  agreement  with  the  present  findings, 
have  l)een  reported  (17,  18).  The  action  of  an  adrenocortical  extract, 
standardized  to  contain  the  ecpiivalent  of  1  mg.  of  hydrocortisone  per  ml. 
on  thymus  lymphocytes  and  tissue  slices  from  various  organs  was  studied. 
Aerobic  glycolysis  was  increased  independently  of  the  action  on  respira¬ 
tion,  and  respiration  was  inhibited  only  by  high  concentrations  of  the 
extract.  The  effect  could  be  obtained  only  when  intact  cells  were  used. 
The  action  on  respiration  and  aerobic  glycolysis  was  correlated  with  the 
lymphocytolytic  effect  of  the  -same  preparation.  This  effect,  however,  could 
not  be  found  when,  instead  of  adrenocortical  extract  containing  hydrocor¬ 
tisone,  hydrocortisone  alone  was  used.  The  discrepancy  appears  to  be 
cau.sed  by  the  difference  in  the  methods  of  preparing  the  soluble  hydrocor¬ 
tisone  (19). 

In  many  instances,  the  optimal  steroid  concentration  for  production  of 
hormonal  effects  in  in  vitro  experiments  has  not  been  determined.  There  is, 
however,  no  indication  that  specific  effects  of  steroids  in  vitro  can  be 
achieved  by  the  same  concentrations  as  those  which  are  known  to  act  in 
the  organism.  Many  results  of  in  vitro  experiments  on  tissue  slices  as  well 
as  in  tissue  culture  suggest  that  specific  effects  are  obtained  in  vitro  with 
steroid  concentrations  which  are  higher  than  those  required  for  obtaining 
similar  effects  in  the  organism.  It  is  possible  that  in  in  vitro  experiments, 
some  factors  are  lacking  which  in  the  organism  are  instrumental  in  con¬ 
centrating  hormones  on  specific  target  cells.  In  the  absence  of  these  factors, 
the  added  -steroid  hormone  might  be  equally  absorbed  by  all  of  the  cells 
and  the  effective  concentration  might  thus  need  to  be  higher  in  vitro  than 
in  the  intact  organism  in  which  only  target  cells  are  affected. 

.\bout  7  times  as  mucli  gluco.se  is  necessary  to  produce  a  given  (luantity 
of  ATP  when  glycolysis  instead  of  respiration  is  used  for  energy  produc¬ 
tion  (20).*  At  the  same  time,  0  to  7  times  more  glucose  was  found  to  be 
synthesized  in  animals  treated  with  excess  glucocorticoids  than  in  control 
animals  (4).  This  striking  agreement  is  consistent  with  the  present  finding 
that  in  the  presence  of  excess  hydrocortisone  a  shift  towards  a  more  ana¬ 
erobic  steady  state  may  take  place,  in  which  7  times  more  gluco.se  has  to 
be  made  available. 

The  present  findings  may  provide  a  basis  for  interpretation  of  a  number 
of  data  obtained  in  vivo  and  in  vitro  experiments  which  might  appear  con- 

*  Farultativ»*  anaerobic  earthworms  (21),  ami  many  other  types  of  worms  (22)  eon- 
.sume  up  to  b  times  as  much  glycogen  in  fermentation  as  in  aerobiosis.  The  same  ratio 
was  found  to  hold  for  frog  muscle  (23). 
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tradictory.  On  the  one  liand,  the  mechanism  of  action  of  adrenal  cortical 
steroids  appears  to  be  one  influencing  normal  function  and  survival  of  the 
intact  celt.  This  is  clearly  seen  in  adrenalectomized  “adynamic”  animals 
as  well  as  in  Addison’s  disease,  where  survival  depends  on  treatment  with 
corticosteroids,  and  likewise  in  tissue  culture,  where  hydrocortisone  may 
promote  survival  of  starved  cells.  It  is  clearly  seen  in  the  striking  efl'ect  of 
adrenocortical  hormones  on  the  ability  of  muscle  to  do  work.  On  the  other 
hand,  hydrocortisone  inhibits  cellular  growth,  and  it  may  also  lead  to  the 
disruption  of  cellular  structure  with  the  release  of  cell  constituents,  for  in¬ 
stance,  the  destruction  of  lymphatic  tissue  and  of  thymus  following  exces¬ 
sive  corticoid  action. 

The  present  findings  suggest  that  hydrocortisone  in  lower  concentra¬ 
tions,  by  stimulating  respiration  increases  energy  production  and  work 
efficiency.  In  conditions  of  hydrocortisone,  excess  sugar  is  .synthesized 
from  amino  acids.  At  the  same  time,  proteolysis,  which  is  consistently 
accelerated  in  proportion  to  the  degree  of  corticoid  excess,  may  lead  to 
impairment  and  damage  of  cellular  stores  of  certain  target  cells,  especially 
when  not  only  .storage  protein  but  also  structural  protein  is  depleted. 

The  energy  for  increased  muscle  tone  stimulated  by  epinephrine  could 
be  derived  from  increa.sed  respiration  stimulated  by  glucocorticoids  in  low 
concentration. 

The  present  findings  may  have  .some  bearing  on  the  (piestion  of  the  role 
of  the  adrenal  cortex  in  certain  states  of  emergency.  The  mu.scle  suddenly 
put  under  strain  has  been  found  to  rely  predominantly  on  a  .supply  of  ana¬ 
erobic  energy  (24,  25).  If  oxidative  breakdown  of  sugar  for  some  reason 
becomes  insufficient  for  quick  supply  of  energy,  the  latter  may  tempo¬ 
rarily  be  replaced  by  glycolysis  (20).  (Glucocorticoids,  when  in  excess  of 
physiological  levels,  appears  to  be  instrumental  in  the  shift  to  anaerobic 
metabolism  and  to  the  production  of  excess  glucose  from  amino  acids 
which  is  necessary  when  energy  is  produced  anaerobically.  The  shift  may 
be  temporary  and,  when  oxidative  metabolism  is  restored,  the  utilization 
of  .sugar  can  be  reduced  to  the  original  j  part  recpiired  for  production  of 
the  same  amount  of  energy  by  oxidative  breakdown  of  sugar.  Anaerobic 
metabolism  has  been  found  necessary  for  the  initiation  of  unusually 
strenuous  work  (24,  25).  Since  anaerobic  metabolism  is  stimulated  by  an 
excess  of  hydrocortisone,  the  role  of  the  adrenal  cortex  in  “emergency 
work”  can  now  be  more  successfully  analyzed. 
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A  COMPLEMENTARY  ACTION  OF  CORTICX)STERONE  AND 
DEHYDROEPIANDROSTERONE  ON  THE  MOUSE 
ADRENAL,  WITH  OBSERVATIONS  ON  THE  RE¬ 
ACTIVITY  OF  REPRODUCTIVE  TRACT  STRUC’- 
TURES  TO  DEHYDROEPIANDROSTERONE 
AND  ll-HYDROXY-ANDROSTENEDIONE' 

EVELYN  HOWARD 

!)( partmcnt  of  Plnjsiologn,  Johns  Hopkins  (’niversiti/  School  of  Medicine, 
Baltimore,  Marijiand 

ABSTRACT 

Dcliydrot'piaiidrostc'ronc  (l)HA)  and  corticostorono  (H)  liad  compU'nicn- 
tary  and  rousldy  additive  effects  in  reducing  adrenal  weiglits  in  mice  wlum 
the  adrenal  X  zone  was  i)resent.  DHA  sujjpn'ssed  the  X  zone  whereas  It  ri'- 
duced  the  size  of  the  zona  fasciculata.  DHA  had  no  effect  on  adrenal  wt'ights 
in  mature  mice  in  which  the  X  zone  was  not  present.  The  sui)i)ression  of  the  X 
zone  by  DHA  was  comi)atible  with  ap|)arently  normal  ovarian  and  uterine 
maturation. 

X  zone  supprc'ssion  was  i)roduced  by  doses  of  DH.\  which  gave  only  mini¬ 
mal  stimulation  to  seminal  vesicle  growth,  but  had  jjronounced  effects  on  the 
growth  of  the  i)reputial  glands  and  the  phallus  in  either  sex.  1  l-hydroxy-A'*- 
androstenedione  was  somewhat  less  active  than  DH.V  in  supjiressing  tin*  X 
zone,  but  its  effects  on  n'productive  tract  structures  were  of  the  same  order  of 
magnitude.  If  the  reactivity  of  the  human  embryonic  i)hallus  is  similar  to  that 
of  the  immature  rodent,  excessive  production  of  either  of  these  two  adrenal 
androgens  could  In*  exi)ected  to  account  for  the  genital  abnormalities  in  human 
female  infants  with  adr(*nal  hyp<*rplasia. 

DEHYDROEPIANDROSTERONE  (A-'-aiulrostene-3/3-ol-17-one,  or 
DHA)  has  been  found  to  he  a  major  component  of  plasma  17-keto- 
steroids  in  peripheral  human  blood  (1)  and  has  been  identified  in  human 
fetal  adrenals  (2).  Furthermore,  DIIA  app'ears  relatively  upstream  in  the 
androgen  metabolic  sequences,  inasmuch  as  the  double  bond  is  not  known 
to  move  from  the  C4-5  position  to  the  Cs-e  position  in  vivo  (3).  11-hydroxy- 
A^-androstene-3,17-dione  (11-OH-A^-dione)  has  also  been  identified  in 
human  fetal  adrenals  (2)  and  in  adrenal  venous  blood  of  various  species 
(4,  5).  These  observations  point  to  the  desirability  of  more  study  of  the 
physiological  effects  of  these  steroids  than  has  appeared  hitherto. 

R<*c(*iv(*d  March  23,  lO'iO. 

'  This  investigation  was  support<*d  in  part  by  research  grants,  mimlM*rs  H-2414  and 
.\-2fi79,  from  the  X’ational  Heart  Institute  and  the  .Vrthritis  and  .Metabolic  Diseases 
Division  of  the  Unit(!d  Stat(*s  Public  Health  Service.  Part  of  this  work  was  presented  at 
the  1956  Spring  meeting  of  the  .Vmerican  Physiological  Society. 
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DIIA  has  been  characterized  as  having  about  1  to  2%  of  the  activity  of 
testosterone  on  the  male  accessory  glands  of  castrated  rats  (G,  7).  How¬ 
ever,  the  usual  biological  tests  for  androgenic  activity  were  developed  in 
the  course  of  studies  on  testicular  hormones,  so  that  the  performance  of 
the  adrenal  C19  steroids  in  these  tests  may  not  give  us  much  insight  into 
their  physiological  significance.  The  renotrophic  activity  of  DHA  was  9% 
of  that  of  testosterone  (7).  DHA  had  an  appreciable  activity  in  stimulating 
the  growth  of  certain  shoulder  muscles  of  the  guinea  pig,  but  had  much 
less  activity  than  testosterone  on  muscles  such  as  the  temporal  and  mas- 
seter  which  had  a  relatively  large  respon.se  to  testosterone  (8). 

In  ovariectomized  rats,  DHA  produced  only  a  slight  increase  in  uterine 
weight  (G).  Xo  potentiation  of  the  effects  of  estrone  by  DHA  was  detected, 
either  in  ovariectomized  rats  (G)  or  in  immature  mice  (9).  Nevertheless  a 
considerable  uterine  and  vaginal  stimulation  by  DHA  in  intact  rats  (19) 
has  been  reported,  but  has  not  been  satisfactorily  explained. 

The  X  zone  of  the  mouse  adrenal  is  known  to  be  .suppressed  by  doses  of 
A^-androstenediol  which  do  not  stimulate  the  growth  of  the  .seminal  ve.sicles 
(11).  Since  adrenalectomy  does  not  appear  to  influence  the  state  of  the 
seminal  vesicles  in  castrated  mice  (12),  the  properties  of  steroids  which 
suppress  the  X  zone  without  stimulating  the  vesicles  are  of  interest. 

MATERIAL  AM)  METHODS 

White  iniee  of  Swiss  stocks  were  us»‘(l.  Animals  were  housed  in  an  air  conditioned 
room  maintaiiK'd  at  22-24°  C'.  Operations  were  iM'rformed  under  ether  anosthc'sia.  In 
so  far  as  possible,  litter  mates  always  controlh'd  (‘ach  other:  i.e.,  females  of  a  given  litter 
were  divided  at  random  among  the  various  categories,  as,  a)  untn'atc'd  control,  b) 
DHA,  c)  corticosterone,  etc.  .\t  autojjsy,  animals  were  kilh'd  with  ether,  and,  with  the 
aid  of  a  dissecting  microscojM*,  tissues  were  dissected  free  of  adnexa  under  saline,  blotti'd 
to  remove  excess  moisture  and  weighed  (juickly  on  a  torsion  balance.  They  were  then 
fixed  in  Bouin’s  fluid  for  hi.stological  examination.  The  phallus  was  isolated  after  remov¬ 
ing  the  integument.  Seminal  vt'sicles  w<*re  weighed  with  their  contained  secretion,  by 
transecting  the  ducts  close  to  the  urethra.  If  the  uteri  contaim'd  .secretion,  it  was  re- 
mov(‘d  by  blotting  with  gauze. 

Hormones  were  administered  as  jxdlets  of  3  to  9  mg.  initial  weight,  de|K‘nding  on  the 
size  of  th(‘  mouse.  Tin'  rat('  of  absori)tion  was  determined  by  noting  the  change  in  pellet 
weight.  Tin*  initial  rate  of  solution  may  be  more  rapid  than  it  becomes  later,  but  in  the 
case  of  DH.V  the  rate  of  absor|)tion  for  the  first  7  days  did  not  differ  appreciabh'  for  the 
rate  for  jX'riods  up  to  30  days.  Single  jx'llets  in  adults  lost  weight  at  a  rate  of  0.16  mg.  (lay 
(range  0.13-0.19);  in  12  to  30  day  old  mice  at  0.14  (0.11-0.17);  and  in  newborn  at 
0.12  (0.09-0.16).  ('ortico.sterone  was  more  solubh*,  and  was  absorbed  at  a  rate  of  0.38 
mg.  (lay  (0.31-0.46).  For  the  first  0  to  7  days  after  implanting  a  5-6  mg.  corticosterone 
jx'llet,  there  was  a  very  marked  interference  with  body  growth,  and  thereafter  a  gradual 
resumption  of  growth,  suggesting  that  in  this  ca.se  the  initial  rate  of  steroid  absorption 
might  be  greater  than  it  becam<>  later.  Corticosterone  was  not  reimplanted  during  the 
exix'rimental  jx'riods  used  because  of  the  severe  reaction  that  it  caused.  In  some  ca.ses 
the  i)ellet  of  corticosterone  was  presumably  completely  absorbed  several  days  prior  to 
autojisy.  DHA  jx'llets  of  considerable  size  were  usually  present  at  autopsy.  Pregnenolone 
(A*-pregncne-3/3-ol-20-one)  was  less  rapidly  absorbed,  at  a  rate  of  only  0.014  mg. /day. 
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'I'lu'  most  rapidly  altsoi  laal  steroid  list'd  in  tliis  study  was  I  l-liydroxy-A'-androsti'iic-d, 1 7- 
dionc.  w  hicli  lost  weif^ht  at  a  rate  of  (t.o  m*!;.  day,  and  was  aceordinKly  iinplanti'd  more 
than  once  duriiif;  a  test  pi'iiod. 


EXPERIMENTS  AND  RESULTS 

A.  The  influence  of  steroids  on  the  adrenal.  A  study  has  been  made  of  the 
effects  of  DHA  on  the  adrenal  when  the  androgen  was  administered  either 
alone  or  in  combination  with  corticosterone  (B).  The  latter  steroid  was 
selected  since  it  appears  to  be  the  chief  glucocorticoid  produced  by  the 
mouse  adrenal  (13,  14). 


TaBI.E  1.  IXKI.I  ENCE  OF  DEHYDKOEeiAXDROSTEROXE  (I)KA)  AXD  1  1-H YDROXYAXDROSTEXE- 
DIOXE  (11-OXV)  OX  ADREXAI,  AXI)  I'REI’I  TIAL  Ol.AXI)  W  EKJHTS  IX  MALE  MICE 


.Steroid  and 
dose 
mg. /day 

Status* 

Body  wt. 
gms. 

-Means  +  S.E. 

Prepiitials 
mg./ 10  gill.  b.w. 
-Means  ±  S.E. 

.-Vdrenals 
mg./ 10  gill.  b.w  . 
Cleans  ±S.E. 

Experiment  I 
DHA  0.14 

None  — 

None  — 

Castrate  (0) 
Castrate  (7) 
Intact  (5) 

27.4+  .81)" 
20. 0+  .70* 

:d  .4  +  ..it) 

12.2+2.8* 

8. 0+0. 2 

20.8  ±8.1 

2.05+  .087* 
2.71 ± .105 

1  . 55  ± . 005 

Experiment  II 

1  l-oxy  ().:i4 
None  — 

Castrate  (4) 
Castrate  (.5) 

25.:i±  .!) 
28.0+  .0 

8.. 5+  .0.")" 
4.4+  .54 

1  .08+  .08' 
2.72  ± .28 

Experiment  III 
DMA  O.K) 

None  — 

Intact  (10) 
Intact  (10) 

:w.o 

88.8 

1 .21  ± .08 
1.17+  .05 

‘  Xiimbens  of  mice  in  (  ).  P  values  are  indicated  as  follows:  *,  P  =  .()l  or  less;  " 

'  .0.5.  Body  weights  in  Experiment  I  are  compared  with  the  intact  grouj),  otherwise  compari¬ 
sons  are  between  untreated  and  treated  castrates. 


Data  on  males  are  presented  in  Table  1.  In  Experiment  I,  the  mice  were 
castrated  at  4  days  of  age  and  implanted  with  pellets  of  DHA  at  12  or  22 
days  of  age:  in  Experiment  II  the  animals  were  castrated  at  12  days  of  age 
and  immediately  implanted  with  pellets  of  1  l-jS-hydroxy-A^-androstene- 
ffjlT-dione,  which  were  renewed  after  two  weeks.  Both  groups  were  autop- 
sied  at  6  weeks  of  age.  The  intact  males  of  Experiment  III  were  3  to  10 
months  of  age  when  pellets  were  implanted,  controls  and  treated  being 
matched  as  to  age,  and  were  autopsied  after  4  weeks  of  treatment. 

Treatment  of  the  immature  females  was  initiated  at  either  12  days  of 
age  or  at  18-2.5  days,  and  the  animals  were  autopsied  at  41  +3  days.  Since 
no  .significant  differences  in  adrenal  condition  were  detected  relative  to 
these  age  differences,  the  findings  are  combined  in  Table  2.  Body  weights 
at  12  days  of  age  are  of  the  order  of  .5  gms.,  while  at  41  days  body  weights 
are  of  the  order  of  20  gms.  or  more,  hence  the  steroid  treatment  covered  a 
large  part  of  the  growth  period.  In  h^xperiments  I,  II,  and  III,  an  ovula¬ 
tion,  presumably  the  first,  frequently  occurred  shortly  before  the  time  of 


Figs.  1  tlirough  4.  Mouse  adrenal  glands,  from  females  6  weeks  of  ag(‘,  showing  effeets 
of  eortieosterone  and  dehydroepiandrosterone,  singh’  and  in  combination.  Conditions  as 
given  in  Table  2.  Magnification,  50  X,  .\zan  stain. 

Fig.  1.  Untreated  control  Note  the  deeply  stained  X  zone  of  moderate  size  which 
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autopsy.  At  tliis  a^o  tin*  X  zone  would  normally  have  aehieved  its  maxi¬ 
mum  size.  The  adult  females  of  hixperiment  IV  were  not  treated  until  at 
least  ()  weeks  after  delivery  of  a  litter.  They  received  1)1 1 A  for  1  weeks. 

There  was  a  significant  reduction  in  adrenal  weight  in  both  the  castrated 
males  (Table  1)  and  the  immature  female.s  (Table  2)  treated  with  DIIA, 
but  this  steroid  produced  no  significant  change  in  adrenal  weight  in  either 
the  adult  intact  males  or  the  parous  females,  which  are  normally  without 
adrenal  X  zone.  It  is  of  interest  that  DHA  did  not,  however,  reduce 
adrenal  weights  in  the  castrated  males  to  the  size  of  the  adrenals  in  the 
intact  males.  Furthermore  the  body  weights  in  the  castrates  were  not 
materially  improved  by  DHA  and  remained  significantly  less  than  in  the 
intact  males.  The  1 1-hydroxy-androstenedione  was  studied  only  in  cas¬ 
trated  males,  where  it  produced  a  significant  decrease  in  adrenal  weight. 

Histological  examination  of  these  adrenals  .showed  that  the  weight  re¬ 
duction  produced  by  DHA  was  associated  with  a  marked  reduction  of  the 
adrenal  X  zone,  as  illustrated  in  Figures  ?>  and  7.  In  the  immature  females 
on  DHA  the  X  zone  was  absent  in  most  cases:  in  a  few  individuals  it  was 
represented  by  some  small  groups  of  cells.  In  the  castrated  males  on  DHA 
the  X  zone  was  usually  represented  by  only  a  few  perimedullary  cells,  in 
contrast  to  the  litter  mate  castrated  controls  in  which  this  zone  was  very 
well  developed.  In  two  castrated  males  in  which  the  DHA  pellet  had  been 
absorbed  prior  to  autopsy  considerable  amounts  of  apparently  regenerated 
X  zone  were  present.  Suppression  of  the  X  zone  was  incomplete  with  11- 
hydroxy-androstenedione.  Although  the  zone  was  considerably  reduced  in 
size  in  comparison  with  the  untreated  castrated  controls,  even  with  the 
larger  dose  of  the  11-hydroxy  compound  the  X  zone  was  not  as  much  sup¬ 
pressed  in  any  individual  as  it  was  in  most  cases  with  DHA. 

The  adrenals  of  the  castrated  males  and  immature  females  given  DHA 
assumed  the  characteristic  mature  structure.  On  the  other  hand,  there  was 
no  evident  change  in  the  appearance  of  the  adrenals  in  the  mature  males 
and  females  treated  with  DHA.  Thus  it  appears  that  the  effects  of  DHA 
on  the  mouse  adrenal  are  primarily  on  the  X  zone. 

It  has  been  shown  that  the  X  zone  appears  to  be  dependent  on  a  pitui¬ 
tary  trophic  factor,  other  than  ACTH,  present  in  gonadotrophic  pituitary 
extracts  (15).  Hence  DHA  is  presumably  acting  to  suppress  a  pituitary 


contrasts  with  the  more  lightly  stained  definitive  cortex,  and  the  light  central  medulla. 

Fig.  2.  Corticosterone  has  jirodueed  a  reduction  in  the  weight  of  the  adrenal  hut  the 
X  zone  has  not  been  suppre.ssed.  From  a  litter  mate  of  specimen  shown  in  Fig.  4. 

Fig.  3.  Dehydroepiandrosterone  has  produced  a  complete  suppression  of  the  X  zone, 
and  the  gland  has  assumed  its  typical  mature  structure. 

Fig.  4.  Combined  treatment  with  corticosterone  and  dehydro<‘piandrosterone  has 
resulted  in  a  reduction  of  the  cortex  to  a  narrow  band  of  small  crowded  cells.  The  entire 
central  light  area  is  medulla. 
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Volitnic  (}i) 


TahI.K  2.  Im'M  K\CK  (»K  STKUOIItS  <».\  <)K<iAX  WEKillTS  I  .\ 
INTACT  KE.MAI.E  MICK 


Hodv  weight* 

( )varies* 

Uterus* 

Preimtials* 

.-Vdrenal.s* 

Steroid* 

at  autopsv 

mg./ 10  gm. 

mg./lO  gm. 

mg./lO  gm. 

mg. /lO  gm. 

gm. 

t)ody  wt. 

hody  wt. 

hody  wt. 

hody  wt. 

Experiment  I. 

Immature 

DHA  (6)  1 

10.4+  ..50 

2.77+  .25# 

H5.5+  4.H 

10. H+  .7H**i 

2.54  + .00** 

H  (8)  1 

17.2+  .00' 

:?.24+  .:h 

10. 5±  4.1 

2.0 ±  .10 

2.80+  .14* 

H  +  DHA  (.5) 

17.2  +  1.12 

2.00  ±  .14 

H5.0+  H.O 

0.H±  1  .21" 

1  .:I2±  .  IH** 

None  (10) 

10.5 ±  .40 

:i:4i  ±  .  15  1 

H5.8±  0.7 

2.4 ±  .22 

H.08±  .  IH 

Experiment  II. 

Immature 

DHA  (8) 

24.7+  .87 

:+28+  .10 

20.0+  H.O 

7.2  +  1  .17" 

2.12+  .07** 

H  (8) 

22.7+  .01' 

2.85 ± .HO 

HI  .8±  7.1 

2.4  ±  .17  1 

2.H2±  .IH* 

H  +  DHA  (10) 

22.()+  .00" 

2.04 ±  .14 

H5 . 5  ±  5.0 

7.0  +  1 .10"  ' 

1  .70  +  .11** 

None  (11) 

25.1+  .4:1 

H.18±  .20 

H4.H±  5.0 

H.2±  .40 

H.18+  .14 

Experiment  III. 

Immature 

DHA  +  Preg.  (2) 

20.0 

I  _ 

H5.2 

12.7±1.01 

I  2 . 55  +  .  1 0 

H  +  Preg.  (:b 

10.1 

— 

H0.8±  10.2 

H.8±  .50 

2.71  + .02* 

H  CP 

10.0 

— 

H2.2  +  10.1 

H.H±  .10 

2.0H±  .IH* 

H  +  DHA  (5) 

17.1 

— 

H8.4±  5.0 

0.1 ±  .00 

1.101.00 

Experiment  IV.  1 

’arous  .\dult.s 

DHA  (5) 

1  :h.4 

_ 

_ 

2.H4  1.15 

None  (5) 

:io.8 

— 

2.H01 .18 

■■  Xiimher  in  parenlhosis  is  numl)t‘r  of  mice. 

*  Mean  values  ±  standard  error. 

P  values  are  indicated  as  follows.  **,  P  =  .001  or  le.ss;  *,  .01  or  less;  ",  .02-. Od;  .05  to 
.00;  #,  .08;  relative  to  untreated  controls  for  the  respective  groups,  except  for  adrenals  in 
grou])  III  which  were  compared  with  B  +  1)H.\. 

Steroid  designations:  I)H.4,  dehydroepiandrosterone;  H,  corticosterone;  Preg.,  A^-jireg- 
nene-di8-ol-20-one.  Dosage  in  methods  section  of  text. 


hormone,  although  the  steroid  may  also  have  some  direct  action  on  the 
adrenal,  as  does  testosterone  (10). 

The  effect  of  DHA  on  the  adrenals  of  immature  females  is  strikingly 
different  from  the  effect  of  corticosterone  (B),  which  is  illustrated  in  Fig¬ 
ures  2  and  0.  Although  B  and  DHA  both  produce  a  reduction  in  adrenal 
weights  of  the  same  order  of  magnitude  (Table  2),  the  histological  findings 
are  quite  different.  It  can  be  .seen  that  B  does  not  suppress  the  X  zone,  but 
exerts  its  effects  primarily  on  the  zona  fasciculata,  as  might  be  anticipated 
from  the  recognized  effectiveness  of  the  glucocorticoids  in  suppressing 
ACTH.  Furthermore,  the  effect  on  the  adrenal  of  the  combined  adminis¬ 
tration  of  both  B  and  DHA  is  roughly'  additive,  as  evidenced  both  by  the 
weight  reductions  and  by  the  histological  findings.  As  illustrated  in  Fig¬ 
ures  4  and  8,  the  combination  of  the  two  steroids  reduces  the  adrenal 
cortex  to  a  narrow  area  of  small  crowded  cells  with  minimal  amounts  of 
cytoplasm  and  little  evidence  of  zonation.  Thus  it  appears  that  B  and 
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DHA  hav’e  a  mutually  (‘omplementary  effect  on  the  mouse  adrenal,  in  that 
they  each  suppress  primarily  a  different  part  of  the  cortex,  presumahly  by 
inhibiting  different  pituitary  trophic  hormones. 

In  mice  given  B  alone,  the  cells  of  the  outer  part  of  the  cortex  frequently 
exhibited  some  differences  in  degree  of  regression.  For  example,  in  Figure 
t)  a  zone  of  cells  with  relatively  abundant  lightly  stained  cytoplasm  is  evi¬ 
dent  a  little  beneath  the  outermost  cells.  In  the  mouse  with  the  techniques 
used  the  demarcation  between  the  glomerulosa  and  the  fasciculata  is  in¬ 
determinate.  Hence  to  interpret  Figure  6  as  indicating  that  the  cells  of  the 
glomerulosa  are  relatively  insensitive  to  the  suppressing  effects  of  corti¬ 
costerone  would  be  somewhat  arbitrary,  although  attractive.  Further¬ 
more,  the  material  was  rather  variable  in  the  degree  to  which  this  apparent 
independence  of  the  glomerulosa  was  manifest.  However,  in  mice  given 
both  B  and  DHA  there  was  a  greater  uniformity  in  the  size  of  the  cortical 
cells,  as  illustrated  in  Figure  8.  This  suggests  that  DHA  treatment  sup¬ 
presses  a  factor  which  may  have  some  degree  of  trophic  influence  on  the 
outer  parts  of  the  cortex,  as  well  as  being  essential  for  the  maintenance  of 
the  X  zone.  The  uniform  cell  size  after  the  combined  treatment  with  the 
two  steroids  is  comparable  to  that  reported  after  hypophysectomy  in  rats 
when  actual  cell  measurements  were  made  (17a,  b). 

Cortisone  has  been  shown  to  reduce  adrenal  weight  without  suppression 
of  the  X  zone  in  mice  when  given  for  9  days  at  a  dose  of  1.8  mg.  per  day 
(18).  This  treatment  reduced  the  size  of  the  fasciculata  cells  and  dimin¬ 
ished  body  growth.  Sakiz  (19,  20)  had  reported  that  cortisone,  while 
causing  a  reduction  in  the  size  of  the  fasciculata  cells,  produced  an  ap¬ 
parent  hypertrophy  of  the  X  zone  in  castrated  mice,  in  doses  up  to  10  mg. 
per  day. 

The  implantation  of  pellets  of  pregnenolone  (A®-pregnene-8/3-ol-20-one) 
in  combination  with  either  DHA  or  B  resulted  in  no  further  modifica¬ 
tion  of  the  adrenal  of  immature  females  beyond  what  was  produced  by 
DHA  or  B  alone.  However  pregnenolone  pellets  were  absorbed  relatively 
slowly,  at  rates  between  0.01  and  0.02  mg.  per  day. 

Not  only  does  corticosterone  not  suppress  the  X  zone,  but  mice  which 
had  been  treated  with  B  showed  a  retardation  of  X  zone  degeneration  as 
compared  with  untreated  controls.  Thus,  of  11  litter  mate  pairs  in  which 
the  controls  exhibited  a  beginning  or  moderately  advanced  degenerative 
vacuolation  in  the  X  zone,  the  litter  mates  given  B  showed  either  signifi¬ 
cantly  less  degenerative  vacuolation,  or  none  at  all.  This  effect  may  be  the 
converse  of  the  stimulation  of  X  zone  regression  produced  by  exogenous 
ACTH  (21). 

The  ovaries  did  not  show  much  evidence  of  the  absence  of  gonadotro¬ 
phins  in  the  young  females  on  DHA.  Although  there  was  a  moderate  re¬ 
duction  in  ovarian  weights  on  DHA  in  group  I,  this  effect  was  not  mani- 
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fested  in  group  II.-  Corpora  lutea  were  pre.sent  in  the  ovaries  of  0(5%  of 
the  mice  on  DIIA,  an  incidence  not  essentially  different  from  that  in  the 
ovaries  of  the  untreated  controls.  Hence,  if  DIIA  is  acting  to  suppress  a 
factor  trophic  for  the  X  zone  this  is  not  incompatible  with  a  fairly  normal 
ovarian  maturation. 

In  order  to  see  whether  the  X  zone  suppression  produced  by  DIIA  in 
the  intact  females  could  be  secondary  to  a  stimulation  of  androgen  pro¬ 
duction  by  the  ovary,  an  examination  was  made  of  the  effects  of  DIIA  in 
ovariectomized  females.  Operations  were  performed  at  11-13  days  of  age, 
and  pellets  of  DHA  implanted  at  the  time  of  operation.  At  autopsy  at  (5 
weeks  of  age,  the  adrenals  of  four  DIIA  treated  mice  were  without  X  zone, 
while  well  developed  X  zones  were  present  in  the  ovariectomized  controls. 
The  adrenal :body  weight  ratios  were  reduced  24%  by  DHA  treatment 
after  ovariectomy.  Hence  X  zone  suppression  by  DHA  is  not  dependent 
on  the  presence  of  the  ovaries. 

In  the  mice  of  Experiment  I,  Table  2,  the  relative  uterine  weights  were 
somewhat  reduced  by  corticosterone  treatment  in  comparison  with  the 
untreated  controls.  However,  DHA  alone  produced  no  uterine  weight 
modification,  further  evidence  that  the  dosage  of  DHA  which  was  suffi¬ 
cient  to  .suppress  the  X  zone  did  not  materiallj'  interfere  with  ovarian- 
uterine  maturation.  DHA  in  combination  with  B  appeared  to  block  the 
inhibition  of  uterine  growth  produced  by  B  alone.  An  antagonism  between 
estradiol  and  corticoids  with  respect  to  uterine  metabolism  and  growth 
has  been  demonstrated  by  Szego  and  Roberts  (22)  and  by  Velardo  and 
Sturgis  (23).  It  is  possible  that  the  reduction  in  uterine  growth  in  B- 
treated  mice  of  Experiment  I  is  an  expression  of  this  effect.  However  these 
experiments  were  not  designed  to  examine  the  question  of  steroid  inter¬ 
actions  in  the  uterus,  and  it  is  possible  that  the  smaller  uterine  size  in  the 
B-treated  mice  of  I^xperiment  I  might  reflect  merely  a  retardation  of 
ovarian  maturation  secondary  to  a  negative  N  balance.  Furthermore,  B 
inhibition  of  uterine  growth  was  not  evident  in  Experiments  II  and  III. 

^  The  mice  used  in  Experiment  I,  Tai)le  2,  were  from  a  different  source  than  those 
used  in  the  otiier  experiments  of  tliis  table. 


Fig.  n.  Untreated  control.  The  definitive  cortex  in  the  up])(>r  part  of  the  jihotoKraph 
is  roughly  equal  in  width  to  X  zone  in  the  lower  part.  There  are  a  few  groups  of  very 
light  medullary  cells  in  the  lower  part  of  the  photograph. 

Fig.  ().  Corticosterone  treatment.  There  has  been  a  reduction  in  the  size  of  the  cidls 
particularly  in  the  region  of  the  zona  fasciculata  but  not  in  the  glom<>rulosa.  The  X  zoiu* 
nuclei  seem  somewhat  enlarged. 

Fig.  7.  l)ehydroe])iandrosterone  treatimmt.  .\  typical  adult  structure  without  visible 
X  zone. 

Fig.  8.  Combined  treatment  with  corticosterone  and  dehydroepiandrosterone  has  re¬ 
sulted  in  a  verj’  narrow  cortex  composed  of  cells  of  nearly  uniform  size,  with  little  cyto¬ 
plasm. 
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li.  The  influence  of  dehydroepiondrosterone  and  1 1-15-hydroxy-A^-andro- 
slenedione  on  the  growth  of  the  seminal  vesicles,  preputial  glands  and  phallus. 
Previous  studies  iiave  shown  that,  although  DHA  had  a  poteney  only  1  to 
2%  of  that  of  testosterone  in  stimulating  the  growth  of  the  seminal  vesicles 
in  castrated  rats  (6)  and  mice  (7),  it  was  at  least  as  effective  as  testosterone 
in  promoting  the  growth  of  the  preputial  gland  in  castrated  male  rats  (24). 
In  hypophysectomized  female  rats,  DHA  was  about  half  as  potent  as 
testosterone  on  the  preputial  glands  (25). 

Previous  observations  on  the  biological  properties  of  1 1 -hydroxy- A^-an- 
drostenedione  are  not  known  to  the  author.  A^-androstene-3,ll,17-trione 
has  a  moderate  activity  on  the  chick  comb  comparable  to  that  of  DHA  or 
androstenedione  (26).  ll-/3-hydroxy-androsterone  was  one-fourth  as  ac¬ 
tive  as  androsterone  on  the  chick  comb  (27).  Tests  of  the  anabolic  effec¬ 
tiveness  of  a  number  of  C19  steroids  in  nitrogen  balance  studies  in  humans 
indicated  that  1  l-|3-hydroxylation  re.sults  in  lo.ss  of  activity  (28). 

In  the  pre.sent  study  it  has  been  observed  that  the  preputial  glands  of 
castrated  male  mice  (Table  1)  and  intact  females  (Table  2)  are  responsive 
to  DHA  and  to  11-OH-A^-dione.  The  potency  of  the  latter  was  less  than 
that  of  the  former:  over  twice  the  dose  of  11-OH-AMione  produced,  if  any¬ 
thing,  less  effect  than  did  DHA.  It  is  of  interest  that  corticosterone  showed 
no  tendency  to  cause  preputial  enlargement,  and  only  slightly  interfered 
with  the  effects  of  DHA  on  preputial  size  (Table  2). 

In  the  course  of  a  .search  for  tissues  which  might  be  especially  reactive  to 
adrenal  androgens  it  became  apparent  that  the  phallus  is  considerably 
more  reactive  than  are  the  seminal  vesicles.  Phallic  growth  in  the  castrated 
male  rat  (24)  and  in  the  female  rat  (10)  is  known  to  be  stimulated  by 
DHA,  but  the  effect  has  receiv’ed  little  quantitative  study.  Phallic  growth 
has  been  seldom  used  in  biological  as.says,  but  it  was  found  that  phallic 
weights  were  quite  uniform.  In  Experiment  I,  Table  8,  the  ratio  of  the 
standard  errors  of  the  means  to  the  respective  means  averaged  0.08  for  the 
seminal  vesicle  and  0.04  for  the  phallic-body  weight  ratios.  In  Table  8  the 
growth  of  the  phallus  is  compared  with  that  of  the  seminal  vesicles  in  the 
same  animals.  The  percentage  increment  in  organ  weight  is  calculated  as 
the  ob.served  weight  minus  the  untreated  castrate  weight  divided  by  the 
intact  weight  minus  the  untreated  castrate  weight,  u.sing  the  organ-body 
weight  ratios  in  all  cases.  The  phallic  increments  vary  with  the  age  at  the 
time  treatment  was  initiated,  but  in  all  cases  the  phallic  increment  is  much 
greater  than  the  vesicle  increment  (Table  8).  In  the  older  mice  of  Experi¬ 
ment  III  the  vesicles  were  so  minute  that  they  were  not  weighed.  The 
moderate  increa.se  in  vesicle  .size  produced  by  DHA  in  Experiment  I 
(Table  8)  was  a.ssociated  with  greater  complexity  of  acinar  structure,  but 
the  vesicle  epithelium  did  not  show  the  cytological  respon.se  characteristic 
of  the  fully  developed  effect  of  testosterone. 

Korenchevsky  et  al.  (29)  observed  that  phallic  growth  was  proportional 
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'I’aHI.K  T.MKiKT  itlt(i  A  .\  HKACTIVITIKS  TO  l>KII  YDItoKlM  ANDUOSTKKO.N  K  AM> 

1  I-^1-iiydkoxy-AI-ani>kostknk-:5,  17-1)10  \K 


Status 

1  )0S{‘ 

Mk./ 

Mg./  10  , 
day  gm. 

initial'! 

1 

Vesicle  wt. 
mg./ 10  gm. 

body  wt.  \ 

means  ±S.P].  j 

Vesicle 
incre¬ 
ment* 
%of  1 
intact  j 

Phallic  wt. 
mg./ 10  gm. 

body  wt. 
means  +S.l'i. 

Phallic 

incre¬ 

ment* 

%of 

intact 

I'Npcriment  I:  Mice 

('-4  (8)  1 

_  _  i 

0.52+  .054  1 

0.0  1 

2. 14 +.07  1 

0.0 

(’-4:  I)H.\-4  (())  ; 

0.12  0.44  ! 

1.02+  .007*' 

:i.o  ' 

7.92  ±  .:10**| 

47.  :i 

('-4:  1)H.\-12  (4)  1 

0.14  0.20  i 

i.:io+  .io:i*  ’ 

2.:1  1 

o.:io±  .:i:i** 

:i4.o 

('-4:  niI.\-22  (5)  1 

0.14  0.12  ! 

0.8:i+  .080"' 

0.9 

:i.07  +  .18*  ! 

7 .() 

Intact  (8) 

~  ^ 

:io.8  ±2.9 

100.0 

I4.:i4 ±  .:i7 

100.0 

Experiment  II:  Mice 

C-12  (5) 

1  . 

1  0.92+  .12 

1  0.0 

i  4. 4:1  ±.14 

0.0 

C-12:  11  ()H-12  (4) 

o.:i4  0.0:1 

2.77  ±  .:14* 

5.1 

,  10. 99  ±.40** 

00.2 

Experiment  III:  Mice 

(’-4  (If) 

i  _ 

_ 

1.85+  .00 

1  0.0 

('-4.  1)11. \-92  (.3) 

j  1.5  o.:i7 

— 

4.95 ± .48" 

1  25 . 4 

Rats  (Calculated  from  data  of  Korenchevskv 

■  et  al.,  24) 

DHA 

1  1  — 

_ 

!  2 

^  - 

2;i 

Testosterone 

1  — 

— 

i  02 

— 

102 

Testosterone 

0.1  — 

- - 

0.4 

— 

44 

Abbreviations:  C  =castration  at  a^e,  in  days,  given  l)y  tlie  suffix.  1)H.\  =siibcntaneous 
implantation  of  a  i)ellet  of  dehydroepiandrosterone  at  age,  in  days,  given  by  suffix.  ll-OIf 
=  .svd)entaneous  im])lantation  of  a  pellet  of  1  l-/3-hydroxy-A4-androstene-:f,  17-dione.  Num¬ 
bers  of  mice  in  (  ).  Mice  of  Experiments  I  and  II  were  autopsied  at  (i  weeks  of  age,  and  those 

of  Experiment  III  at  17  weeks  of  age.  1’  values  are  indicated  as  follows.  **  O.OOl  or  less,  *0.01 
or  less,  "less  than  0.05. 

‘  See  text  for  explanation. 


to  androgen  dose  in  immature  castrated  rats,  and  this  we  find  to  lie  true  for 
I)  HA  in  a  few  observations.  Thus,  in  three  month  old  mice  castrated  at  4 
days  of  age,  treatment  with  DHA  for  4  weeks  at  doses  of  4.4,  4.0  and  2.<S 
mg.  100  gm.  body  weight  per  day  produced  pliallic-body  weight  ratios  of 
5.6,  5.2  and  4.0  mg.  10  gm. 

Since  the  steroids  were  administered  as  pellets,  the  dose  could  not  easily 
be  adjusted  to  the  changing  body  size  in  growing  animals.  In  Table  3  are 
given  the  initial  hormone  doses  per  10  gms.  body  weight,  calculated  from 
the  overall  pellet  weight  losses.  These  initially  different  doses  gradually  ap¬ 
proached  a  uniform  value  as  growth  progressed  toward  mature  body  size  at 
autopsy.  Some  of  the  observed  differences  in  the  organ  weights  must  be  at¬ 
tributed  to  the  initial  differences  in  steroid  dose.  Ilowev^er,  comparing 
those  treated  initially  at  22  days  with  those  treated  initially  at  12  days,  it 
may  be  seen  that  the  initial  dose  ratio  was  .12/  .26  or  0.46  while  the  phallic 
increment  declined  as  7.6/84.6  or  0.22.  Similarly,  comparing  the  12  and  the 
02  day  old  groups,  it  may  be  seen  that  the  dose  was  uniformly  greater  in  the 
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older  mice  but  tlie  pliallie  response  was  less.  lienee  it  may  be  eoneliuled 
that  there  is  some  degree  of  aetiial  loss  in  pliallie  reaetivity  with  inereasing 
time  after  eastration. 

Although  the  experimental  eonditions  in  Kxperiment  II,  Table  3,  were 
not  identical  with  those  of  Kxperiment  I,  it  may  be  concluded  that  the 
reaetivity  of  the  phallus  to  1 1-hydroxy-A^-dione  is  of  the  same  order  of 
magnitude  as  it  is  to  DHA,  and  that  the  relative  reactivities  of  the  phallus 
and  seminal  vesicles  are  (piite  similar  with  the  two  compounds. 

In  Kxperiment  I,  the  phallic  increment  in  the  two  younger  groups  of 
mice  was  about  15  times  the  vesicle  increment.  A  similar  differential  re¬ 
sponse  to  DHA  in  rats  was  calculated  from  data  in  the  literature  (24),  and 
in  included  in  Table  3  for  comparison.  In  contrast  to  DHA,  testosterone  at 


Table  4.  Kkkects  ok  dehydroepiaxdrosteroxe  ix  ixeaxtile 

FEMALE  MICE 


Status 

1  )osc 

.\gc  at  autopsy 

Preputial  glands 

Phallus 

mg.  /day 

days 

mg.  ±S.K. 

mg.  ±S.E. 

Ovarcc  (6) 

— 

28-82 

8.84+  .16 

2.47+  .85 

Ovarcc  (8) 

0.1 

28-82 

16.51 ±  .92** 

7.56 ±  .82** 

Intact  (8) 

— 

27-28 

4.20+  .51 

8.15+  .81 

Intact  (6) 

0.1 

27-28 

9.62 ± 1 .52" 

11 . 17  ± 1 .08* 

.Male:  ('-4  (8) 

— 

25 

_ 

4.19+  .16 

•Male:  intact  (4) 

— 

28 

— 

84.9  ±1.1 

Explanation:  Ovarec  =  ovariectomy,  C  =  castration.  Operations  at  four  days  of  age,  with 
implantation  of  subcutaneous  DHA  pellets.  In  the  intact  females,  pellets  were  implanted  on 
the  day  after  birth.  Xumbers  of  mice  in  each  group  in  (  ).  Mean  organ  weights  are  followed 

by  their  standard  errors.  1*  values  are  indicated  as.  **  0.001  or  less;  *  0.01  or  less;  "  0.02,  rela¬ 
tive  to  untreated  controls  for  the  respective  groups.  Organ  weights  in  males  for  comparative 
orientation. 


the  same  dose  protluced  a  marked  response  in  both  organs.  However,  at  a 
dose  of  only  0.1  mg.  day,  testosterone  produced  a  phallic  growth  7  times 
that  of  the  vesicles.  Thus,  with  the  smaller  amounts  of  testosterone,  or 
with  the  adrenal  androgens  in  the  do.ses  u.sed,  phallic  growth  in  immature 
animals  is  more  responsive  than  is  .seminal  vesicle  growth,  when  the  size 
increase  is  expre.s.sed  as  a  percentage  of  the  normal  increment.  The  phallic 
enlargement  produced  by  the  adrenal  androgens  appeared  to  be  grossly 
normal  in  the  males. 

In  females  DHA  admini.stration  also  produced  a  considerable  enlarge¬ 
ment  of  the  phallus,  as  shown  in  Table  4,  in  both  intact  and  ovariecto- 
mized  animals.  When  treatment  was  begun  on  the  day  after  birth,  and  con¬ 
tinued  for  4  weeks,  the  phallic  weight  attained  about  one  third  that  of  in¬ 
tact  males  of  the  same  age.  The  distal  parts  were  particularly  enlarged,  and 
the  cavernosa  appeared  enlarged  and  highly  vascular.  However,  the  pre¬ 
putial  skin  coA'ered  only  the  ventral  half  of  the  phallus,  producing  a  curious 
effect  of  hemi.section.  When  treatment  with  DH.\  was  initiated  at  12  days 
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of  age  (mice  of  Table  2),  there  was  no  externally  visible  alteration  in  the 
genital  tubercle,  but  at  autopsy  under  magnification  after  deflection  of  the 
skin,  the  vascular  cavernosa  appeared  considerably  enlarged. 

The  distal  half  of  the  rodent  phallus  contains  a  sexually  dimorphic  bone 
which  has  been  shown  to  exhibit  a  growth  response  to  testosterone  in  hy- 
pophysectomized-cast rated  rats  (30).  Other  parts  of  the  skeleton  in  rats 
do  not  exhibit  a  growth  response  to  testosterone  in  the  absence  of  the 
pituitary  (31).  In  gonadectomized  mice  of  either  sex  there  is  a  marked  re¬ 
sponse  of  the  phallic  bone  to  the  administration  of  DHA.  The  effects  of 
castration  and  DHA  treatment  on  the  phallic  bone  in  male  mice  are  illus¬ 
trated  in  Figure  9.  Not  onlv  is  there  an  increase  in  the  length  of  the  bone 


Fig.  9.  Phallic  hones  from  litter  mate  male  mice  autopsied  at  41  daj's  of  age.  Left, 
from  an  intact  male,  showing  adult  form;  center,  from  a  male  castrated  at  4  days  of  age; 
right,  from  a  male  castrated  at  4  days  and  implanted  with  a  single  {lellet  of  DHA  at 
12  days.  Steroid  absorbed,  4  mg.  in  29  days.  Phallic  weights  were  4().(),  0.3  and  18.1  mg., 
respectively.  The  distal  end  (ujiper)  retains  the  characteristic  cartilagenous  e.xtension. 
X20. 
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willi  DMA,  hut  the  cliaiif^es  in  shapo  and  thickness  are  striking.  (Qualita¬ 
tively  similar  changes  are  produced  by  1 1-hydroxy-A^-dione. 

DHA  is  probably  present  in  human  blood  mainly  as  the  sulphate  (32).  A 
test  of  DHA-sulphate  showed  it  to  be  without  appreciable  activity  in  pro¬ 
moting  phallic  growth  in  mice  castrated  and  implanted  at  10  days  of  age 
and  autopsied  at  32  days.  The  DHA-sulphate  was  implanted  at  weekly 
intervals:  two  mice  each  absorbed  0.23  mg./ day  during  the  22  daj’  test 
period.  Phallic/ body  weight  ratios  were:  untreated  control,  4.5;  DHA- 
sulphate,  4.0;  DHA  7.9.  In  this  experiment  the  free  DHA  was  absorbed  at 
a  rate  of  over  0.18  mg.  day.  The  DHA-sulfate  pellets  were  inclined  to 
split,  so  that  their  greater  rate  of  absorption  may  have  been  a  result  of 
available  surface. 


COMMENT 

lOarly  observations  that  the  X  zone  in  prepuberal  male  mice  hyper¬ 
trophies  following  castration,  but  normally  is  suppressed  at  the  time  of 
sexual  maturity  in  males,  indicated  that  the  development  of  this  zone  was 
inversely  related  to  the  level  of  circulating  testicular  hormones  (33).  Hi.sto- 
logical  evidence  that  the  X  zone  is  suppressed  by  testosterone  administra¬ 
tion  has  been  presented  in  a  number  of  studies,  for  example  by  Howard  (34) 
and  Chester  .Jones  (10),  (See  also  Howard  and  Migeon,  35). 

In  the  present  study  it  is  shown  that  DHA  and  11-hydroxy-A^-dione  pro¬ 
duce  a  reduction  in  the  weight  of  the  adrenal  in  association  with  the  histo¬ 
logical  changes,  hence  there  must  have  been  an  actual  suppression  of 
certain  elements  of  the  adrenal  by  the  androgens,  not  merely  an  alteration 
in  the  histological  appearance.  The  finding  that  there  is  no  weight  reduc¬ 
tion  in  the  adrenal  when  adult  males  or  females  without  X  zone  are  treated 
with  DHA  indicates  that  this  effect  is  relatively  specific  for  the  X  zone. 

Although  methyl  testosterone  has  been  shown  to  reduce  the  adrenal 
growth  response  to  ACTH  in  rats  (3(i),  and  androgens  may  reduce  ACTH 
secretion  under  .some  circumstances  (36,  37),  components  of  these  effects 
did  not  become  manifest  under  the  conditions  of  the  present  experiments 
when  intact  adult  males  or  females  without  X  zone  were  treated  with 
DH.V.  When  DHA  was  given  simultaneously  with  B,  the  suppression  of  the 
outer  part  of  the  cortex  was  more  complete  than  with  B  alone.  This  might 
be  a  manifestation  of  either  a  reduced  .sensitivity  to  a  low  level  of  endog¬ 
enous  ACTH,  a  further  reduction  in,  or  a  qualitative  change  of,  pituitary 
secretion. 

There  is  no  direct  contradiction  between  the  pre.sent  observations  and 
those  indicating  that  in  hypophy.sectomized  male  rats  androgens  partially 
maintain  the  adrenals  (38,  39).  However,  the  situation  is  .surprisingly  com¬ 
plex,  inasmuch  as  Winter  et  al.  (39)  reported  that  testosterone  propionate 
or  methylandrostenediol  administered  in  conjunction  with  cortisone  ace- 
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tate  in  rats  prevented  the  adrenal  atrophy  wiiieli  oeeurred  wlien  cortisone 
alone  was  ^iven. 

The  complement  ary  effects  of  1)11  A  and  corticosterone  on  the  mouse 
adrenal  reinforce  other  evidence  of  the  independent  control  of  the  X  zone 
and  the  zona  fasciculata,  recently  reviewed  (3.5).  It  appears,  furthermore, 
that  the  X  zone  can  be  suppressed  by  DHA  without  apparently  suppress¬ 
ing  the  maturation  of  the  ovaries  and  uterus.  On  its  face  value,  it  might 
seem  difficult  to  reconcile  this  observation  with  the  conclusion  that  the  X 
zone  is  maintained  by  a  pituitary  gonadotrophin  (1.5).  However,  although 
I)H.\  is  presumably  suppressing  a  pituitary  gonadotrophin,  it  might  also 
be  entering  into  ovarian  metabolism  at  some  point  after  the  site  of  action 
of  the  gonadotrophin.  The  conversion  of  androgens  to  estrogens  by  ovarian 
tissue  has  been  clearly  indicated  (40,  41).  It  appears  probable  that  ACTII 
acts  on  the  adrenal  to  promote  the  conversion  of  cholesterol  to  pregnen¬ 
olone  (42).  If  a  gonadotrophin  acts  on  the  ovary  in  an  analogous  way,  one 
might  expect  that  exogenous  DHA  would  constitute  an  intermediary 
wliich  could  enter  into  ovarian  metabolism  and  permit  the  ovary  to  elabo¬ 
rate  estrogens  at  a  considerable  rate  in  the  absence  of  the  pituitary.  This 
view  finds  supporting  evidence  in  the  work  of  Nelson  and  Merckel  (10), 
who  observed  that  DHA  produced  prolonged  periods  of  estrus  in  hypo- 
physectomized  rats,  with  enlargement  of  the  uteri,  although  DHA  does  not 
produce  uterine  enlargement  in  ovariectomized  rats  (0),  and  does  not 
potentiate  the  action  of  estrogens  (0,  9).  If  this  interpretation  is  correct, 
DH.\  might  be  expected  to  suppress  the  pituitary  gonadotrophin  required 
for  X  zone  maintenance  without  suppression  of  ovarian-uterine  matura¬ 
tion.  In  addition,  the  possibility  of  a  direct  effect  of  DHA  on  the  adrenal  has 
not  l)een  excluded. 

The  dose  of  DHA  which  suppres.ses  the  X  zone  would  be  expected  to  ex¬ 
ceed  in  androgenic  potency  any  secretion  of  the  adrenal  when  the  X  zone  is 
present.  In  addition  to  suppressing  the  X  zone,  the  doses  of  adrenal  andro¬ 
gens  studied  produced  considerable  preputial  and  phallic  growth.  Since  the 
same  doses  produced  a  relatively  insignificant  seminal  vesicle  enlargement, 
it  may  be  concluded  that  previous  failure  fo  observe  an  influence  of  the 
adrenal  on  the  size  of  the  seminal  vesicles  in  castrated  mice  (12)  is  con¬ 
sistent  with  the  presence  of  some  secretion  of  adrenal  androgens.  C19  ster¬ 
oids  have  been  observed  in  mouse  plasma  (14). 

The  reproductive  tract  abnormalities  which  occur  in  congenital  adrenal 
hyperplasia  in  females  are  characterized  by  enlargement  of  the  phallus  in 
the  presence  of  relatively  normal  internal  duct  derivatives  and  ovaries  (4.3). 
DHA  and  11-hydroxy-A^-androstenedione  have  been  shown  to  be  present 
in  the  human  fetal  adrenal,  together  with  androstenedione  (2).  The  latter 
is  known  to  have  a  fairly  high  order  of  activity  on  seminal  vesicles  and 
phallus  (44).  Present  observations  indicate  that  the  immature  mouse 
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pliallus  is  highly  reactive  to  either  DHA  or  1  l-hydroxy-A^-androstene 
(hone.  If  the  reactivity  of  the  human  embryonic  pliallus  is  similar  to  that 
the  rodent,  an  oversecretion  of  any  one  of  these  three  androgens  in  embry¬ 
onic  life  might  account  for  the  phallic  enlargement  observed  in  human  fe¬ 
male  infants  with  congenital  adrenal  hyperplasia.  Alternatively,  since 
DHA-sulphate  was  inactive,  abnormal  masculinization  might  be  a  con- 
secpience  of  a  defect  in  the  sulfation  mechanism  in  some  cases. 

In  normal  human  embryos,  furthermore,  it  would  seem  possible  that 
adrenal  androgens  contribute  to  the  development  of  the  phallus.  By  the 
time  the  embryo  is  10-17  mm.  in  length  the  genital  tul)ercle  has  elongated 
into  a  narrow  conical  organ  which  continues  to  enlarge  for  some  time  and 
constitutes  a  prominent  structure  of  similar  magnitude  in  embryos  of 
either  sex.  Although  sex  differentiation  is  progressing,  there  is  no  appreci¬ 
able  sex  difference  in  phallic  size  even  when  the  embryo  reaches  100  mm. 
in  length  (45).  The  adrenal  cortex  is  differentiated  with  respect  to  its 
characteristic  fetal  zonation  by  17-20  mm.  (.45)  and  the  androgenic  content 
of  adrenal  tissue  was  found  to  be  at  a  maximum  in  embryos  of  55  to  95 
mm.  (2). 
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EFFECT  OF  GROWTH  HORMONE  AND  ITS  COMBINA¬ 
TION  WITH  ESTRADIC)L-17/3  ON  THE  UTERUS  OF 
HYPOPHYSECTOMIZED  AND  HYPOPHYSECTO- 
MIZED-OVARIECTOMIZED  RATS 

RENZO  GRATTAUOLA'  and  CHOH  HAO  LI 

Hormone  Research  Lnhorntorij,  Vniversily  of  California,  Berkeley,  California 

ABSTRACT 

Growth  hormone  (somatotropin)  induced  an  increase  in  uterine  weight  in 
l)oth  hyiJophysectomized  and  liypophyseetomized-ovarieetomized  rats.  Tliis 
hormone  exerted  a  direct  effect  on  the  uterus,  as  well  as  an  indirect  one  through 
the  ovary.  Xo  other  pituitary  gonadotropins  (e.g.,  FSH,  IC'SH  and  lactogenic 
hormone)  when  injected  singly  increased  significantly  the  uterine  weight  in 
hypophysectomized  rats,  hut  when  growth  hormone  was  injected  with  IC'SH 
the  ut<*rine  weight  was  greater  than  when  growth  hormone  was  injected  alone. 
Growth  hormone  exerted  a  synergistic  effect  with  estradiol-1 7/3  on  the  uterus 
of  hypophysectomized  and  hypophy.sectornized-ovariectomized  rats.  These  data 
furnish  further  evidence  that  somatotropin  functions  not  only  as  a  growth  hor¬ 
mone  hut  also  as  a  biological  synergist. 

IN  PREVTOUS  studies,  it  was  reported  that  bovine  growth  hormone 
maintained  uterine  weight  in  rats  hypophysectomized  at  26-28  days  of 
age;  moreover,  the  vaginas  of  these  animals  were  open  after  hormonal 
treatment,  despite  the  fact  that  tlie  ovaries  were  atrophied  (1).  This  paper 
represents  an  investigation  on  the  effect  of  bovine  growth  hormone  (soma¬ 
totropin,  STII)  on  the  genital  tract  in  order  to  ascertain  whether  this  hor¬ 
mone  acts  directly  on  the  uterus  or  through  the  ovary. 

EXPERIMENTAL 

Female  rats  of  the  Long-Evans  strain  were  hypophysectomized  at  21  days  of  age  and, 
heginning  fifteen  days  after  operation,  were  given  injections  once  daily  for  a  i)eriod  of 
10  days.  When  ovariectomy  or  ovariectomj-adrenalectomy  were  performed,  the.se 
oj)erations  were  done  immediately  before  the  hypophysectomy  and,  as  with  the  hy¬ 
pophysectomized  groups,  the  injection  period  was  begun  15  days  later,  .\nimals  of  the 
triplj'-oix'rated  group  were  maintained  with  injections  of  prednisolone  (25  /ug.,  Merck) 
every  other  day  and  with  drinking  water  containing  1%  XaC'l  and  5%  glucose.  .Vutopsy 
was  ix'rformed  24  hours  after  the  last  injection.  The  uterus  of  each  animal  was  weighed 
on  a  Roller-Smith  torsion  balance  and,  together  with  one  ovar\’,  was  placed  in  Bonin’s 
fixative.  Later  these  organs  were  embedded  in  nitrocellulo.se,  and  8/i  sections  were  stained 

with  hematoxylin  and  eosin.  The  other  ovary  was  fixed  in  10%  formalin;  subsequently 
-  -  "  '  *  > 

Received  .\pril  17.  1959. 

*  Work  carried  out  under  the  tenure  of  a  “Borasio”  fellowship  from  the  Lega  Italiana 
|K'r  lotta  contro  i  tumori,  1957-1958.  Prenr.anent  address:  Istituto  per  lo  studio  e  la 
cura  dei  tumori,  Milano  (Italy). 
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it  was  infiltrated  with  10%  gelatin,  and  10/i  sections  were  made  with  a  freezing  micro¬ 
tome  and  stained  with  oil  red  in  00%  isopropyl  alcohol.  Growth  hormone  was  iso¬ 
lated  from  anterior  lobes  of  bovine  pitnitaries  by  a  simplified  procedure  (2)  and  was 
found  to  be  free  of  contamination  with  any  gonadotropic  hormone  when  assayed  at  a 
dose  level  of  10  mg.  in  hypophysectomized  rats  (3).  Lactogenic  hormone  (prolactin), 
follicle-stimulating  hormone,  and  interstitial  cell-stimulating  hormone  were  prepared 
from  sheep  glands  by  previously  described  procedures  (4,  5,  0).  The  pituitary  hormone 
prej)arations  were  dissolved  in  distilled  water  and  the  cstradiol-lTjS*  was  dissolved  in 
sesaiiK'  oil.  .\11  injections  wen-  given  subcutaneously. 

RESULTS 

Henioval  of  tlie  ovaries  from  hypophysectomized  rats  resulted  in  a  de¬ 
crease  in  uterine  weiglit  (Table  1);  however,  no  further  decrease  was  ob- 


T-\bi.e  1.  Effect  of  c.rowth  uormone  on  the  cterine  weiout  of  hyi*oi>hysectomizei>, 

HYl>oenYSECTOMIZEl)-(J\  ARIECTOMIZEI)  AM)  11  YeOCHYSECTOMIZED- 
OVARIECTOMIZED-ADREXAI.ECTOMIZEI)  RATS 


No.  of 
rat.s 

Dailv*  i 

Body  weight  i 

I'terine 

weight 

.\ninials 

dose  i 
of  CH  1 

at  1 

oj)eratioiv 

at  1 
autopsy 

1 

II  vpophvsectomizetl  i 

15 

mg. 

0 

gin. 

00.0 

gm. 

.55.0 

mg. 

11.7+0.5** 

IIvpoj)hyseetoinized-ovaiie(toniize(I 

5 

0 

55.5 

52.2 

0.0 +0.4 

Ilypophysectoinized-ovarieetoniizcd- 

adrenalectomized 

() 

0 

53.3 

51 .3 

0.0  +  0. 8 

Ilvpophv.sectomized 

10 

0.05 

54.0 

00.0 

17.2+0.0 

11  vpophvsectomized 

12 

0..50 

54.7 

00.2 

21  .5+0.0 

Hvpophv.'seetomized-ovariectomized 

5 

0..50 

02 . 4 

77.8 

17.8±l.l 

llypophy.sectoniized-ovariectoinized- 

adrenalectomized 

i  " 

0 . 50 

.50 . 1 

08.4 

14.2+0.8 

*  Subcutaneous  injections  were  begun  15  days  after  operations  and  continued  for  10  days. 
**  Mean  ± standard  error. 


served  when  the  adrenal  glands  were  also  removed.  A  daily  dose  of  O.Oo  mg. 
of  growth  hormone  increased  uterine  weight  to  a  significant  extent  in  the 
hypophysectomized  rats.  Although  this  increment  in  uterine  weight  was 
less  in  the  absence  of  the  ovaries  or  ovaries-and  adrenals,  the  uteri  of  the 
triply-operated  rats  were  significantly  heavier  than  those  of  the  controls. 

Histologically,  the  uteri  of  the  untreated  rats  were  hypoplastic,  and  the 
ovaries  contained  only  primordial  follicles  and  a  few  degenerated  follicles 
of  medium  size  (Plate  I,  Fig.  1).  In  the  treated  animals,  however,  the  endo¬ 
metrium  was  increased  in  thickness,  as  evidenced  by  slight  folding  and  a 
higher  epithelium.  The  connective  tissue  appeared  less  dense  and  more 
vascular  than  that  of  the  controls.  The  cells  of  the  germinal  epithelium  of 
the  treated  ovaries  were  cuboidal,  and,  in  addition  to  primordial  follicles, 
.some  follicles  at  the  .solid  stage  whose  membrana  granulosa  contained 
healthy  cuboidal  cells  were  present.  The  interstitial  cells  were  increased  in 

*  Schering  Corp.  Bloomfield,  New  .fersey. 
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Table  2.  Effect  of  c.rov.th  hormone  and  other  riTriTARV  hormones  on  the 

I  TERINE  WEIGHT  OF  HYFOPHYSECTOMIZEI)  IMMATCRE  RATS 


Daily*  ‘ 
dose 

No.  of 
rats 

Body  weights  j 

Cterine 

weight 

Ovarian 

weight 

Treatment  j 

Day  of 
operation 

At 

autopsy 

mg. 

gm. 

gm. 

mg. 

mg. 

(amtrol 

0 

15  1 

00.0 

55.0 

1 1  .7+0.5** 

5. 0+0. 4 

(irowtli  hormone 

0.5 

12 

54.7 

69.2 

21  .5+0.9 

5.2 +0.7 

FSll 

0.01 

8 

55.2 

55.4 

13.1  +  1  .0 

5. 4+0. 8 

Prolactin 

!  0.10 

1  7 

59.0 

60.3 

15.5+0.2 

5. 8+0. 9 

ICSH 

ICSH 

1  0.10 

I  0.10 

5 

56.4 

55 . 6 

10. 8  ±0.6 

6.3  ±0.4 

+ 

Growth  hormone 

+ 

'  0.5 

i 

I  53.0 

79.4 

27.0+2.5 

8.0±0.1 

*  Ilypophyscctoniized  rats  (operated  on  at  21  days  of  age)  were  injected  suheutaneonsly, 
l)(‘ginning  on  the  15th  jiostoperative  day,  for  10  days. 

**  Mean  ± standard  error. 


iiumher  and  their  cytoplasm  was  vacuolated  (Plate  I,  Fig.  2)  and  rich  in 
finely  distributed  lipid  granules  as  shown  by  staining  with  oil  red. 

(Jrowth  hormone  and,  to  a  le.s.ser  degree,  prolactin,  elicited  a  significant 
increa.se  in  uterine  weight  (Table  2).  An  even  more  significant  increase  was 
ob.served  in  the  animals  treated  with  both  ICSH  and  growth  hormone. 
FSII,  as  would  be  expected,  provoked  marked  follicular  stimulation  (Plate 
I,  Fig.  ()).  In  the  prolactin-treated  animals,  most  of  the  primordial  follicles 
were  degenerated,  and  a  slight  stimulation  of  the  interstitial  tissue  had 
occurred  (Plate  I,  Fig.  5).  In  the  ovaries  of  the  animals  treated  with 
ICSH,  few  follicles  were  present  (Plate  I,  Fig.  3).  The  membrana  granulosa 
was  degenerated  and  the  theca,  which  was  highly  vascular  and  contained 
enlarged  vacuolated  cells  rich  in  finely  distributed  lipid  granules,  was  in¬ 
creased  in  thickne.ss.  The  interstitial  cells  were  also  slightly  increased  in 
size;  the  stimulation  of  the  interstitial  tissue  elicited  by  ICSH  was  similar 
to  that  observed  in  the  somatotropin-treated  rats,  but  no  increa.se  of 
uterine  weight  was  discernible.  In  the  group  treated  with  a  combination  of 
ICSH  and  growth  hormone,  the  follicles  were  numerous  with  development 


Plate  I 

Fig.  1.  Ovary  of  untreated  hypo])hyseetomized  rat.  (X35) 

Fig.  2.  Ovary  of  hyiK)phy.seetoiiiizefl  rat  treated  with  500  /ig.  of  growth  lioriiione 
daily  for  10  days.  (X3.5) 

Fig.  3.  Ovary  of  hypophysectomized  rat  treated  with  100  /xg.  of  K'SII  daily  for  10 
days.  (X35) 

PhG.  4.  Ovary  of  hypophysectomized  rat  treated  with  a  combination  of  .500  /ig.  of 
growth  hormone  and  100  //g.  of  ICSH  daily  for  10  days  (X3.5) 

Fig.  5.  Ovary  of  hypoiihysectomized  rat  treated  with  100 /xg.  of  lactogenic  hormone 
daily  for  10  days  (X35) 

Fig.  6.  Ovary  of  hypojihy.sectomized  rat  treated  with  100  /xg.  of  P’SH  daily  for  10 
days  (X3.5) 
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to  the  antrum  stage  (Plate  I,  Fig.  4).  Tlie  tlieca  around  the  follieles  was  en¬ 
larged,  witli  many  vaeuolated  cells  rich  in  lipid.  The  interstitial  cells  were 
more  numerous  and  richer  in  fine  lipid  granules  than  when  either  ICSII  or 
.somatotropin  alone  was  administered. 

When  the  ovariectomized-hypophysectomized  rats  were  injected  with  a 
daily  do.se  of  0.001  mS-  of  estradiol-17/3,  no  significant  increase  of  the  uterine 
weight  above  that  of  the  control  was  observed,  but  when  the  same  amount 
of  estrogen  was  injected  concurrently  with  somatotropin  (500  jxg.)  the 
uterine  weight  was  significantly  higher  than  that  obtained  with  somato¬ 
tropin  alone  (Table  .3).  In  the  non-treated  ovariectomized-hypophysecto- 
mized  rats,  the  uterine  wall  was  very  thin.  The  surface  epithelium  (Plate  II, 
Fig.  1)  was  low  and  the  stroma  was  compact  with  a  few  pycnotic  cells.  Few 
glands  were  discernible.  The  uteri  manifested  a  slightly  higher  epithelium 


Table  a.  Effect  of  estkadi<h,-17|3,  orowth  hormone  and  their  combination  on  the 

I’TERINE  WEir.HT  OF  H YPOI'HY.SECTOMIZED-OVARIECTOMIZEI)  RATS 


1 

Body  weights 

Uterine 

weight 

Treat  miMit  ! 

Daily  do.se*  I 

Day  of 
operation  j 

At 

autopsy 

gim. 

gm. 

mg. 

Control 

55 . 5 

52.2 

«.t)-(-t).4** 

(irovvth  hormone 

0.. 500  mg. 

t)2 . 4 

77.8 

17.811.1 

Estradiol- 17/3 
Estradiol- 17/3 

•0.001  mg. 
0.001  mg. 

57 . 1? 

57.0 

10.810.4 

-|- 

(Irowth  hormone 

-1- 

0 . 500  mg. 

j  5t> .  4 

1 

1 

25.2  1 1  .4 

*  Hypophysectomized-ovariectoniized  rats  (operated  on  at  21  days  of  age)  were  injected 
daily,  lieginning  on  the  15th  postoperative  day,  for  10  days;  each  group  consisted  of  5  animals. 
**  Mean  ±standard  error. 


than  that  of  the  controls  (Plate  II,  Fig.  2).  Treatment  with  somatotropin 
(500  gg.  daily  dose)  increased  the  thickness  of  the  uterine  wall.  Slight  endo¬ 
metrial  folding  was  observed  and  the  epithelium  contained  low  columnar 
cells,  although  higher  than  that  of  the  group  treated  with  estradiol-1 7|8 
(Plate  II,  Fig.  8).  The  glands  were  more  numerous  and  their  lumina  more 
apparent.  With  the  combined  treatment  (Plate  II,  Fig.  4)  the  uterine  wall 
was  thicker  than  with  growth  hormone  alone.  The  stroma  was  edematous 
and  rich  in  capillaries,  and  contained  an  abundance  of  large  me.senchymal 
cells.  The  surface  epithelium,  with  high  columnar  cells,  protruded  into  the 
lumen.  This  phenomenon  of  a  synergism  between  estradiol  and  growth 
hormone  was  also  noted  in  hypophysectomized  rats  whose  ovaries  were  in¬ 
tact.  Growth  hormone  injected  together  with  estradiol-17/3  always  induced 
a  greater  increase  in  uterine  weight  than  that  obtained  with  the  estrogen 
alone  (Table  4).  The  difference  between  the  uterine  weights  of  the  two 
groups  was  statistically  significant.  In  all  animals  treated  with  the  estrogen 
alone,  the  ovarian  follicles  had  more  layers  of  granulosa  cells  than  did  those 


I 
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Table  4.  Effect  of  estkadiol-IT^J,  c'.rowth  hormone,  and  their  combination 

ON  THE  CTERINE  WEIGHT  OF  HYI’OPH YSECTOMIZED  RATS 


Daily* 
dose  I 

No.  of 
rats 

Body  weinht 

! 

Uterine 

weight 

1 

Ovarian 

weight 

Treat  meiit 

Day  of  I 
oiK-ration 

At  1 
autopsy  i 

('oiitrol 

Mg-  1 

0 

15  j 

gm. 

00.0 

gni. 

55 . 0 

nig.  i 

11. 7±  0.5** 

mg. 

5.0±0.4 

ICstra(liol-17(3 

0.0005 

8 

59.8  1 

54.0  ! 

12.0+  0.0  1 

0.1  +0.8 

(irowth  liornioiie 

500 

12 

54.7 

09.2 

21. 5 ±  0.9 

5.2  ±0.7 

E.-itradiol-lT/S 

+ 

(Irowth  hormone 

i  0.0005 
+ 

.500 

8 

08.2 

74.0 

22.4+  1.1 

7.2  ±0.0 

Estra(liol-17/3 

0.001 

1  1 

50 . 5 

50.0 

15.2+  0.8 

0.0±0.1 

Estradiol- 17/3 
+ 

(irowth  hormone 

j  0.001 

500 

!  (i 

.58.8 

78.0 

28.8  ±  0.9 

0.8 ± 1 .5 

Estradiol-l  7(3 

1  0.01 

1 

i;i 

1  57 . 2 

40.4 

j  85.5 ±  0.5 

4.2  ±0.2 

Estra(liol-17(3 

-t- 

( irowth  hormone 

1  0.01 
-1- 
.500 

10 

1  57.8 

]  78.0 

1 

1 

59.7 ±  2.2 

7.5±1.7 

Estradiol- 17(3 

0.1 

8 

57.0 

1  55.0 

157.2  +  11.5 

8.8±0.4 

Estradiol- 17|3 
-t- 

( irowth  hormone 

0.1 

+ 

.500 

1 

!  10 

i  00.5 

1 

1 

!  05.5 

191.1  +14.4 

1  0.2±0.1 

Estradiol-1 7(3 

0.5 

0 

!  50.2 

i  01.2 

;  109.9 ±  9.1 

4.9  ±0.0 

Estradiol-1 7(3 
-|- 

( irowth  hormone 

0.5 

+ 

500 

8 

1 

!  .58.2 

1 

j  05.0 

'  101.5±14.5 

'  5.0±0.8 

i 

*  Hyjiophyscctomizecl  rats  (operated  on  at  21  days  of  age)  were  injectod  suheiitanoously, 
hcKiiiniiig  on  the  15th  postoperative  day,  for  10  days. 

**  Mean  ±  standard  error. 


of  the  controls,  although  no  follicles  at  the  antrum  stage  were  ob.served. 
W  hen  somatotropin  and  estrogen  were  injected  together,  even  more  layers 
of  granulosa  cells  were  evident,  in  the  follicles,  which  were  still  at  the  prean¬ 
trum  stage,  and  in  addition,  there  was  some  enlargement  of  the  interstitial 
cells.  In  animals  treated  with  low  dose  levels  (0.0005  /xg.  to  0.001  ng.)  of 
estradiol  alone,  the  surface  of  the  endometrium  was  not  folded  and  the  cells 
of  the  surface  epithelium  were  low  and  cuboidal.  W'^ith  the  same  amounts  of 
estrogen  plus  growth  hormone,  the  lumen,  lined  with  columnar  epithelium, 
was  slightly  folded.  With  higher  doses  of  estradiol  (0.1  and  0.5  Mg-)  high 
papillary  projections  were  present,  and  the  cells  of  the  surface  epithelium 
had  swollen  nuclei,  with  coarsely  distributed  chromatin  and  prominent 
nucleoli.  W’hen  growth  hormone  was  given  concurrently  with  this  high  dose 
level  of  estrogen,  the  same  high  papillary  projections  were  present  but  the 
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nuclei,  they  stiil  contained  coarsely  distrihuted  chromatin,  were 

not  swollen  and  the  nucleoli  were  not  prominent. 

DISCUSSION' 

The  present  study  confirms  earlier  observations  (7)  that  pituitary  gona¬ 
dotropins  (FSH,  ICSH  and  prolactin)  alone  are  not  capable  of  increasing 
uterine  weight  in  hypophysectomized  rats.  That  growth  hormone  when  in¬ 
jected  alone  is  able  to  stimulate  uterine  growth  has  been  reported  by 
Huggins  et  al.  (8).  We  have  demonstrated  here  that  growth  hormone  acts 
directly  on  the  uterus  as  well  as  by  stimulating  the  interstitial  cells  in  the 
ovary  to  produce  an  estrogen.  That  the  interstitial  cells  are  a  source  of  es¬ 
trogen  has  been  shown  by  Engle  (9),  by  Ingram  and  Mandl  (10)  and  by 
Westman  and  others  (11).  In  the  present  study,  the  cellular  hyperplasia  in¬ 
duced  in  the  interstitial  tissue  was  considered  by  us  to  be  due  to  growth 
hormone  and  not  to  any  gonadotropic  contaminant.  The  amount  of  ICSH 
that  will  repair  the  deficient  interstitial  cells  of  rats  after  hypophysectomy 
will  also  enlarge  the  thecal  cells  and  produce  degeneration  of  the  follicles 
(12).  In  this  instance,  growth  hormone  did  not  stimulate  the  thecal  cells 
and  during  this  hormonal  treatment  the  follicles  were  free  from  any  de¬ 
generative  changes. 

That  growth  hormone  acts  as  a  biological  .synergist  (13)  was  clearly  evi¬ 
dent  when  it  ^^■as  injected  concurrently  with  varying  amounts  of  estradiol- 
17/8  in  both  hypophysectomized  and  hypophy.sectomized-ovariectomized 
rats.  With  this  combined  treatment,  a  greater  increase  in  uterine  weight 
was  obtained  than  that  ob.served  when  the  estrogen  was  injected  alone. 
Ivstrogens  by  themselves  are  able  to  promote  an  active  growth  of  the 
uterus,  but  only  to  a  certain  do.se  level  (14),  beyond  which  there  is  a  level¬ 
ing  off  or  “plateauing”  of  biological  response.  It  has  been  observed  (15), 
however,  that  when  growth  hormone  was  injected  concurrently  with  that 
do.se  level  of  estrogen  at  which  the  plateau  is  reached,  a  further  uterine 
growth  was  obtained.  It  is  po.ssible  that  growth  hormone,  as  a  protein  ana¬ 
bolic  agent  (10)  furnishes  a  sufficient  accuimilation  of  protein  precursors  in 
the  uterus  for  the  additional  growth  to  proceed.  Moreover,  with  respect  to 
cellular  structure,  it  has  been  shown  (17)  that  estradiol  interferes  with  the 
nucleoprotein  metabolism  of  the  endometrial  cells  .so  that  an  accumulation 
of  ribonucleic  acid  occurs  during  treatment  with  estradiol,  with  an  accom¬ 
panying  enlargement  of  the  nucleoli.  Histologically,  we  have  observed  that 
the  epithelial  cells  and  their  nucleoli  a.ssumed  a  normal  appearance  when 
growth  hormone  was  injected  concurrently  with  the  estrogen. 
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ABSTRACT 

K,SfiS  ml.  of  plasma  wen*  obtained  from  304  male  soekeye  salmon  {()n- 
corhynchus  nerka),  eaiiKht  in  the  Stellako  River,  British  Columbia,  in  Oetober 
1958.  Extraction  and  analysis  for  adrcnoeortieosteroids  revealed  the  presence 
of  cortisol  (5.2 //K.  TOO  ml.),  corticosterone  (7.3  ' 190  ml.),  cortisone  (0.1  p%. 

/TOO  ml.)  and  aldosterone  (0.12  /ig./TOO  ml.).  In  addition  four  unknown  A^-3- 
ketones  possessing  reducing  side  chains  were  also  isolated  and  designated  Xi 
(0.03  //g.  TOO  ml.),  X-.  (0.1  /ig.  TOO  ml.)  and  W-..  and  W3  in  approximately  (‘cjual 
concentration  (0.25  jug./lOO  ml.). 

Earlier  studies  liave  demonstrated  that  the  main  steroids,  pre- 
sumahly  of  adrenocortical  origin,  found  in  fish  blood  or  plasma  are 
those  which  in  the  mammal  are  primarily  concerned  with  carbohydrate 
metabolism  (1-5).  The  control  of  water  and  salt-electrolyte  metabolism  in 
mammals  is  partly  soverned  by  the  secretion  of  aldosterone  (6-8).  AVith 
the  possible  exception  of  the  bird  (8),  aldosterone  has  not  been  identified  in 
sub-eutherian  vertebrates.  Since  the  free  aldosterone  level  of  the  blood  of 
mammals  is  about  ImS-/!-  (6,  9),  the  failure  to  find  this  hormone  in  previous 
studies  on  fish  may  be  due  to  the  small  volumes  of  plasma  analyzed.  It  was 
decided,  therefore,  to  collect  a  large  volume  of  blood  from  a  single  species 
of  fish  living  in  an  environment  where  the  demand  on  the  adrenal  to  secrete 
a  possible  salt  retaining  hormone  would  a  priori  be  at  its  greatest.  For  this 
reason  the  soekeye  salmon  which  had  moved  from  sea  water  into  fresh 
water  to  spawn  were  chosen  for  this  investigation.  In  view  of  the  reports  of 
Ilatey  (10),  Fontaine  and  Ilatey  (1)  and  the  recent  ob.servations  of  Robert¬ 
son  (11),  and  Hane  and  Robertson  (12)  and  Idler  (18),  it  was  decided  also 
to  separate  and  characterize  as  far  as  possible  the  cortisol-like  hormones  in 
the  plasma. 
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MATERIAL  AND  METHODS 

Tliree  hundn'd  and  sixty  four  male  sookeye  salmon  {Oncorhynchus  nerka)  were  taken 
from  the  Stellako  River  in  OetohcT  1958.  at  a  loeation  about  150  miles  West  of  Prince 
George  in  British  C'olumbia.  This  particular  race  of  soekeye  salmon  migrate  to  their 
spawning  ground  from  the  Pacific  Ocean  via  the  Fraser  and  Xechako  Rivers.  The  total 
migratory  run  from  the  estuary  of  the  Fraser  to  their  spawning  ground  on  the  Stellako 
is  covered  in  approximately  28  days  at  an  average*  of  3(5  kilometers  a  day  (14).  The  fish 
were  caught  in  a  seine  net  in  groui)s  of  about  thirty  in  number  and  kept  in  a  retaining 
net  in  the  river  until  used.  All  the  fish  were  either  in  the  act  of  spawning  or  had  spawned. 

Blood  collection.  Each  fish  was  removed  from  the  net,  wiped  dry,  and  the  urogenital 
openings  clamped  with  a  curved  hemostat.  This  precaution  was  taken  to  prevent  con¬ 
tamination  of  the  Idood  sample.  \  collar  of  paper  towelling  wrai)i)ed  around  the  tail 
l)revented  water  and  slime  from  drii)|)ing  off  the  body  into  the  collecting  vessel.  Blood 
was  obtained  by  severing  the  tail  and  holding  the  fish  vertically  over  a  heparinized 
ve.ssel,  api)roximately  5()-()0  ml.  of  blood  being  obtained  from  each  fish.  X'o  clotting 
took  place.  The  blood  was  centrifuged  within  15  minutes  of  collection  and  the  sejjarated 
plasma  was  removed  into  polyethylene  bottles  surrounded  bj'  dry  ice.  In  this  way  8,8(58 
ml.  of  plasma  were  collected  and  pooled.  The  frozen  plasma  was  transported  to  the 
I’niversity  of  British  Columbia  where  it  was  extracted  and  the  dried  extract  was  shipped 
by  air  to  A'ale  I’niversity  in  a  refrigerated  vessel  sealed  under  nitrogen. 

Extraction.  Before  extraction  44.49  ml.  of  a  standard  ethanolic  solution  of  cortisol-4- 
C’*^  containing  2330  counts  per  minute  per  ml.  was  added  to  the  ijlasma  by  placing  ap¬ 
propriate  amounts  of  the  solution  into  the  extracting  vessels  and  evaporating  the 
ethanol  off  under  a  stream  of  nitrogen.  The  plasma  was  then  added  to  the  vessel  and 
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Fig.  1.  Scheme  of  chromatographic  separation  of  steroids  in  chloroform  extract  of 
salmon  (Oncorhynchus  7icrka)  F,  cortisol:  E,  cortisone:  B,  corticosterone:  .\ldo,  aldos- 
tc'rone.  Xi,  Xj,  W2,  and  Wj,  unknowns. 
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allowed  to  stand  for  a  few  minutes  with  oeeasional  stirring,  so  that  the  eortisol-4-C*^ 
was  eveidy  distributed  throughout  the  i)lasma.  To  every  liter  of  plasma,  25  ml.  of  1  X 
XaOH  was  added  and  the  mixture  jjromptly  extracted  by  shaking  four  times  with  a  liter 
of  redistilled  chloroform  (18).  The  chloroform  extracts  were  combined  and  evaporated 
in  vacuo  to  near  dryness  at  37°  C'.  .Vll  traces  of  chloroform  were  removed  with  nitrogen. 
’I'he  residue  at  this  point  weighed  1.23(54  gm.  and  to  it  was  added  a  tracer  amount  of 
aldosterone- 1  (5- H’  (0.001  (5 /ig.).  The  residue  was  purified  by  partition  between  redistilled 
n-hexane  and  50%  ethanol  as  described  by  Carstensen  (15).  The  aqueous  ethanol  was 
reduced  to  1/10  vol.  in  a  flash  evaporator  and  the  remaining  aqueous  solution  trans¬ 
ferred  to  a  separatory  funnel  and  (*xtracted  four  times  with  §  vol.  redistilled  chloroform. 
The  combined  chloroform  extracts  were  reduced  to  dryness  in  a  stream  of  nitrogen  and 
the  resulting  residue  was  sufhciently  small  for  direct  application  to  paper. 

Chromatograph fi.  The  purified  extract  was  analyzed  by  paper  chromatography  which 
followed  the  plan  outlined  in  Figure  1. 

Characterization.  The  following  procedures  were  employed  to  characterize  the  hor¬ 
mones  extracted  from  the  plasma. 

1.  C'oinparison  of  the  chromatographic  mobilities  of  the  plasma  steroids  with  those 
of  authentic  standard  reference  steroids  run  in  parallel  in  several  chromatograi)hic  sys¬ 
tems  (see  Fig.  1). 

2.  For  cortisol  and  aldosterone,  mixed  chromatography  with  corti.sol-4-C'^  and 
aldosterone-1  (5- respectively. 

3.  Reflex  photography  in  ultra  violet  light  (16). 

4.  Simultaneous  detection  of  a  reducing  side  chain  and  the  a,  /3-nnsaturated-3-ketone 
grouping  of  cortical  steroids  by  spraying  the  chromatograms  with  a  freshly  prepared 
solution  of  5  mg.  2,3,5  triphe.nyltetrazolium  chloride  in  100  ml.  2X'  X'aOH  (17). 

Kstimation  of  uteroid  levels,  .\ccurate  estimation  of  the  steroids  was  carried  out  by  tin* 
methods  of  Bondy  et  al.  (18)  using  cortisol-4-C'‘^  as  a  tracer  and  making  a  correction 
based  on  isotope  dilution  for  losses  during  the  processing  of  the  plasma. 

RESULTS 

Type  of  secretion.  Eight  a,i3-imsaturate(i-8-ketones  were  separated  from 
tlie  plasma  extract.  All  of  them  reduced  tripheiiyltetrazolium  chloride  and 
four  were  identical  in  their  chromatographic  behavior  with  cortisol,  corti¬ 
sone,  aldosterone  and  corticosterone.  The  structure  of  four  compounds  des¬ 
ignated  Xi,  X2,  W2  and  W3  is  unknown  at  present.  Xi  was  eluted  off  the 
chlorofororm  formamide  sj’stem  along  with  the  cortisol  area  but  it  was 
.separated  from  and  was  more  polar  than  corti.sol  in  the  Bush  C  system;  on 
over-running  in  the  toluene/  70%  methanol  system  this  substance  retained 
its  polar  position  between  cortisol  and  the  origin  of  the  chromatogram.  Wi 
ran  with  cortisone  in  the  formamide /chloroform  system  but  was  more  polar 
than  cortisol  and  aldosterone  in  Bush  C  system.  On  re-chromatography  in 
the  toluene/70%  methanol  .sy.stem  Wi  split  into  two  spots  (W2  and  W3)  con¬ 
taining  approximately  equal  amounts  of  steroidal  material,  both  being 
more  polar  than  cortisol.  X^.  was  eluted  along  with  cortisone  from  the 
formamide/chloroform  system  and  together  with  aldosterone  it  was 
separated  from  cortisone  in  Bush  C  system.  The  aldosterone  area  from 
Bush  C  when  chromatographed  in  the  I%B  sy  stem  separated  into  two  dis¬ 
tinct  absorbing  spots;  one  ran  with  authentic  aldosterone  run  in  parallel 
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and  the  second  (X*)  was  more  polar  than  corticosterone  and  less  polar 
than  cortisone.  Further  evidence  for  the  authenticity  of  the  cortisol  and 
aldosterone  isolated  from  the  plasma  was  provided  by  mixed  chromatog¬ 
raphy  with  cortisol-4-C‘^  and  aldosterone-lG-H^.  Of  the  added  cortisol- 
4-C‘^,42.S%  appeared  in  the  cortisol  spot  in  the  final  chromatogram  and 
■)0%  of  the  added  tritiated  aldosterone  was  found  in  the  aldosterone  spot 
after  the  IO2B  system.  Radioactivity  was  insignificant  in  the  remaining 
parts  of  the  chromatograms. 

Levels  of  secretion.  Estimation  of  levels  of  steroid  hormones  isolated  from 
the  plasma  are  included  in  Table  1. 

Concentrations  of  cortisol,  cortisone,  and  corticosterone  are  roughly 
ecpial  whilst  aldosterone  appears  in  trace  amounts.  The  level  of  cortisol  is 


Tabi.e  1 


Total  .storoid 
isolated  (mK-) 

C’orreidedjj* 

recovery 

Less  tracer 
steroid 

#ig./100  ml. 
plasma 

('orti.sol 

224 

.52:1.4 

400.5 

5.2 

('ortisoiu' 

2;i:i .  1 

.544.0* 

.544.0 

0.1 

('orticostcroiu! 

27().(t 

044. Ot 

044.0 

7.:i 

.Mdostcroiie 

4.4 

10. :i* 

10. :u 

0.12 

-X, 

24.0 

.50 . 1  * 

50 . 1 

0.0:1 

X, 

d .  (i.j 

8.5* 

8.5 

0.1 

w, 

10.2 

44.0* 

44.0 

0.51 

#■  Accunitt*  recovery  diita  is  only  uvailahie  for  cortisol  (42.8%1  since  tliis  was  tlic  only 
labeled  steroid  add(‘d  before  extraction. 

*  It  is  i)resumed  that  steroids  of  similar  polarity  to  cortisol  wonld  incur  losses  dnrinn  chem¬ 
ical  manipulations  of  a  “imilar  order  to  cortisol.  Thti  values  have  been  accordingly  adjusted 
but  must  be  considered  as  ai)proximat(“  only. 

t  I.osses  for  corticosterone  are  probably  greater  than  for  cortisol  (see  text  and  reference 
l!t).  This  figure  is  therefore  minimal. 

t  .\dd(‘d  labeled  aldosterone  (O.ODIt)  /ig.)  too  small  for  sid)traction.  .Mdosterone-lti-II’ 
add(‘d  to  purified  extract  (before  chromatograj)hing)  and  showed  a  5t)%  recovery. 


an  accurate  estimation  whilst  that  of  cortisone,  corticosterone  and  aldo¬ 
sterone  is  calculated  on  the  a.ssumption  that  losses  during  chemical  manip¬ 
ulations  and  chromatography  would  inflict  approximately  the  same  lo.sses 
on  these  .substances  as  for  cortisol.  Further  the  level  recorded  for  corti¬ 
costerone  is  almost  certainly  an  underestimate  since  on  partition  between 
hexane  and  aqueous  ethanol,  corticosterone  is  probably  partially  lost  into 
the  hexane  phase  (19).  Ivstimation  of  the  unknown  compounds  shows  them 
to  be  in  much  lower  concentrations  than  the  familiar  steroids  isolated,  ex¬ 
cluding  aldosterone. 


DISCUSSIOX 

The  characterization  and  significance  of  the  presence  of  the  unknown 
compounds  awaits  further  investigation.  Cortisol  and  or  corticosterone 
have  l)een  found  in  many  species  of  fish  (3,  4)  but  cortisone  has  not  been 
previously  detected.  Cortisone  has  been  found  as  a  component  of  adrenal 
.secretion  in  mammals  (17,  20),  in  the  snake  and  capon  (3)  and  in  in  vitro 
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preparations  of  Fundulus  interrenals  (21).  It  was  interesting  to  find  ap- 
preeiahle  amounts  of  cortisone  in  salmon  blood  since  this  hormone,  sup¬ 
posedly  a  secretion  from  the  human  adrenal  (22)  is  not  detectable  in  pe¬ 
ripheral  blood  samples  in  this  species.  However,  Bush  and  Ferguson  (17) 
have  shown  that  cortisone  can  appear  as  an  artifact,  being  an  oxidative 
product  of  cortisol.  This  possibility  can  be  ruled  out  in  the  present  investi¬ 
gation  since  insignificant  amounts  of  radioactivity  could  be  detected  in  the 
isolated  cortisone,  indicating  that  no  conversion  of  the  added  cortisol-4-C‘^ 
to  cortisone-4-C‘^  had  taken  place  during  chemical  manipulations. 

The  occurrence  of  a  mineralocorticoid  and  glucocorticoids  in  fish  plasma 
strongly  suggests  that,  as  in  mammals,  the  biological  activity  of  the  adrenal 
secretion  in  fish  can  be  accounted  for  by  these  two  types  of  secretion.  The 
biological  function  of  these  hormones  is  le.ss  clear  in  fish  than  it  is  in 
mammals.  Even  in  the  latter  class,  the  available  evidence  suggests  that  a 
strict  division  into  glucocorticoids  and  mineralocorticoids  is  one  of  con¬ 
venience  and  that  an  overlapping  of  function  occurs  in  their  effects  on 
carbohydrate  and  salt-electrolyte  metabolism.  In  this  connection  Xace 
(23,  24)  has  shown  that  intramuscular  injections  of  DCA,  ll-dehydro-17- 
hydroxycorticosterone-2 1-acetate  and  17-hydroxy  corticosterone-2 1-ace¬ 
tate  will  raise  the  blood  sugar  levels  of  the  toadfish  {Opsnnus  fnu).  Further, 
it  has  been  demonstrated  (o)  that  a  glucocorticoid  (cortisol)  and  a  min¬ 
eralocorticoid  (DCA)  have  similar  effects  on  salt  movements  in  the  rainbow 
trout  {Salma  gnirdncri  kamloops).  It  was  shown  that  the  rainbow  trout, 
presented  with  a  salt  load  followed  by  treatment  either  with  cortisol  or 
DCA  reacted  to  these  hormones  by  retention  of  Na  at  the  kidney  level, 
inhil)ition  of  Na  re-uptake  from  the  environment  and  promotion  of 
secretion  of  this  ion  through  the  gills.  The  conditions  of  these  experi¬ 
ments  were  special  ones  in  that  the  trout  were  previously  loaded  with 
sodium  chloride  and  the  increased  excretion  of  sodium  when  the  blood  con¬ 
tains  large  amounts  of  this  ion  may  reflect  particular  circumstances  not 
shown  in  their  normal  environment.  We  can  conclude,  however,  that  adren¬ 
ocortical  hormones  of  both  types  can  act  .on  the  gills  as  well  as  the  kid¬ 
ney.  Contrary  to  Chester  .lones  et  al.  (5),  Sexton  (25)  has  shown  that  in 
the  in  vitro  preparation  of  goldfish  gills,  cortisone  acetate  had  no  effect  on 
sodium  uptake  or  loss  either  in  the  normal  or  salt  loaded  animals.  DCA  on 
the  other  hand,  caused  a  depression  of  sodium  uptake  as  it  did  in  the  trout 
but  had  no  effect  on  sodium  loss  from  the  gill.  Clearly,  the  whole  problem 
needs  re-investigation  now  that  aldosterone  is  known  to  be  a  normal  com¬ 
ponent  of  adrenal  .secretion  in  the  sockeye  salmon  and  its  production  in 
vitro  has  been  demonstrated  from  interrenal  preparations  obtainecl  from 
Fundulus  heteroclitus  (21). 

Bickford  and  Atz  (26)  have  reviewed  the  evidence  which  suggests  that  a 
pituitary-adrenal  axis  operates  in  fish.  In  particular  Kinfret  and  Hane  (27) 
have  shown  that  the  salmon  pituitary  contains  ACTH.  Further,  Robertson 
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and  Wexler  (28)  have  demonstrated  a  marked  adrenocortical  hyperplasia 
attributed  to  pituitary  overstimulation  in  three  species  of  spawning  Pacific 
salmon  and  they  suggest  that  the  death  of  the  salmon  is  caused  by  over¬ 
secretion  of  catabolic  hormones  of  adrenal  origin.  In  support  of  this  idea, 
Robertson  (11)  was  able  to  show  that  implants  of  cortisol  in  cholesterol  pel¬ 
lets  caused  the  death  of  rainbow  trout. 

Hol)ertson  (11)  and  Hane  and  Robertson  (12)  have  recently  found  that 
the  plasma  17-hydroxycorticosteroids  in  the  king  salmon  {Oncorhijnchus 
tschawytscha)  are  low  in  immature  sea-run  fish  (11.8  mK-  100  ml)-  f^n  the 
spawning  migration  there  is  a  4  to  .5-fold  increase  (males:  4.5.1,  females: 
.58.4Mg.  100  ml.).  In  the  female  at  the  time  of  spawning  the  level  rises  to 
78.7Mg.  100  ml.  whilst  there  is  a  decline  to  81.8iug.  100  ml.  in  the  male.  The 
combined  17-hydroxycorticosteroid  levels  are  much  lower  in  male  sockeye 
salmon  taken  at  the  spawning  grounds  (cortisol -|-cortisone  =  11.. 3Mg.  100 
ml).  The  data  of  Idler  et  ol.  (13)  indicate  that,  as  in  the  king  salmon,  much 
higher  levels  are  present  in  fish  taken  on  the  spawning  migration.  Just 
prior  to  arrival  at  the  Adams  river  spawning  grounds,  they  found  that 
the  plasma  of  sockeye  salmon  contained  17  /ug.  100  ml.  of  cortisol  and 
37  jug.  100  ml.  of  cortisone.  Unfortunately  the  sex  was  not  stated  and  the 
high  values  may  result,  in  part,  from  the  presumed  admixture  of  female 
plasma  with  that  of  males.  It  would  be  expected  that  the  act  of  migration 
would  impose  heavy  demands  on  the  physiology  of  the  fish  since  a  migra¬ 
tion  of  1000  kilometers  is  accomplished  in  a  relatively  short  time  without 
feeding  (14).  The  results  of  Leloup-Hatey  are  consistent  with  the  view  that 
increased  muscular  activity  involves  the  adrenal  gland.  She  was  able  to 
show  in  the  carp  that  forced  swimming  for  progressively  longer  periods  of 
time  causes  an  initial  increa.se  in  cortisol  levels  and  after  one  hour  of  forced 
swimming  corticosterone  appears  in  addition  (4).  A  decline  in  cortisol 
levels  which  occurs  after  two  hours  of  forced  swimming  might  reflect  an 
inal)ility  of  tlie  adrenal  to  continue  its  enhanced  secretory  rate.  Further, 
Fontaine  and  Hatey  (1)  attributed  the  elevated  17-hydroxycorticosteroid 
level  in  the  smolt  stage  of  Salmo  salar  to  the  need  for  muscular  activity 
concomitant  with  its  seaward  migration  and  the  low  levels  of  the  parr  stage 
to  reflect  an  absence  of  this  need.  Active  swimming  (comparable  to  the 
experimental  swimming  of  Leloup-Hatey’s  fish)  over  a  long  period  of 
time  is  required  of  the  .salmon  to  reach  the  spawning  grounds.  The  phy.sio- 
logical  mechanisms  involv’^ed  in  both  carp  and  .salmon  may  be  similar  but  an 
unknown  factor  operating  in  the  salmon  and  not  in  the  carp,  enables  the 
salmon  to  maintain  prolonged  excercise. 

These  results  foreshadow  many  interesting  investigations.-  The  earlier 
work  on  the  mammalian  adretial  (29,  30),  in  which  a  division  of  .secretory 
function  between  the  zona  glomerulosa  producing  mainly  mineralocorti- 
coids  and  the  zona  fasciculata  producing  glucocorticoids  has  received  more 
direct  experimental  proof  (31).  The  results  of  hypophysectomy  indicate 
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that  the  glomerulosa  enjoys  an  autonomy  not  possessed  by  the  remaining 
zones.  Hypophysectoni}'  in  lower  vertebrates  (20,  32)  results  in  atrophic 
changes  which  are  not  uniform  throughout  the  gland.  Some  cells  retain  a 
normal  histological  appearance.  Since  the  adrenal  of  fish  is  not  zoned 
histologically  it  will  be  interesting  to  determine  whether  there  is  a  func¬ 
tional  division  of  cellular  components  in  an  apparently  homogeneous  inter- 
renal  as  there  is  in  the  zoned  adrenal  cortex  of  the  Mutherian  mammals. 
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EFFECT  OF  HYPOTHALAMKJ  LESIONS  ON  PROGES¬ 
TERONE-INDUCED  OVULATION  IN  THE  HEN 

C.  L.  HALPIP  Axi)  R.  M.  FLAPS 

Agriviiltiiral  Itescnrck  Service,  S.  Depnrtttient  of  Agriniltiire,  lieltsville,  M  nr  gland 

AHSTRAC'T 

Previous  work  has  iin))licatc‘(l  a  vontro-nu'dian  region  in  the  preoptie  hypo¬ 
thalamus  of  the  ehicken  in  the  eontrol  of  normal  ovulation.  To  determine 
whether  or  not  the  hyi)othalamus  is  involved  also  in  progesterone-indueed  ovu¬ 
lation,  electrolytic  lesions  were  placed  by  means  of  a  stereotaxic  instrument  at 
various  sites  within  the  hypothalamus  of  birds  i)reviously  injected  with  1  mg. 
of  i)rogesterone.  Oidy  those  lesions  i)laced  within  a  ventro-median  portion  of 
the  i)reoptic  hypothalamus  (the  same  region  involved  in  normal  ovulation),  or 
along  fiber  tracts  passing  caudad  from  this  region  regularly  prevented  ovula¬ 
tions  that  ordinarily  would  have  been  induced  by  progesterone.  Furthermore, 
only  lesions  placed  in  the  effective  region  within  about  2  hours  after  injection  of 
progesterone  prevented  ovulation.  Lesions  placed  at  later  times  had  no  influence 
on  progesterone-induced  ovulation  (but  either  abolished  or  delayed  subsequent 
ovulations.). 

The  ventro-median  hypothalamic  region  could  be  either  the  actual  site  of 
j)rogesterone  “excitation”  or  merely  a  link  in  a  neural  complex  mediating  the 
effects  of  progesterone.  Destruction  of  this  region  ai)i)arently  precludes  the 
release  of  gonadotrophic  hormone  which  usually  follows  when  j)rogesterone 
is  administered  at  appropriate  times. 

PROGESTERONE  regularly  induces  premature  ovulation  of  the  first 
follicle  of  the  hen’s  sequence  following  the  subcutaneous  injection  of  1 
mg.  per  hen  some  14  hours  before  expected  normal  ovulation  (1,  2).  There 
is  strong  but  indirect  evidence  that  this  steroid  induces  ovulation  by  acting 
upon  a  neural  mechanism  to  cause  liberation  of  ovulation-inducing  hor¬ 
mone  (OIH). 

Pharmacological  studies  have  contributed  most  to  this  concept.  Zarrow 
and  Bastian  (3)  reported  that  while  progesterone  alone  caused  90%  of  their 
hens  to  ovulate,  only  20%  ovulated  following  treatment  with  atropine  and 
progesterone.  Fraps  (4,  5)  found  that  phenobarbital  sodium  prevented 
most  expected  ovulations  when  injected  prior  to  a  highly  effective  level  of 
progesterone.  The  number  of  hens  ovulating  following  progesterone  ad¬ 
ministration  is  greatly  reduced  if  Dibenamine,  which  is  believed  to  be  an 
adrenergic  blocking  agent,  is  injected  simultaneously  (6).  This  observation 
was  extended  by  van  Tienhoven  (7)  who  described  what  appears  to  be  a 
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cholinergic  component  as  well,  based  upon  suppression  of  ovulation  with 
atropine.  Furthermore,  near  subovulatory  dosages  of  progesterone  act 
synergist ically  with  the  barbituates  Dial  and  Nembutal  to  produce  pre¬ 
mature  ovulation  (S). 

Hothchild  (9)  found  that  progesterone  solutions  applied  directly  to  the 
.surface  of  the  pituitary  were  no  more  effective  in  inducing  ovulation  than 
when  placed  upon  the  sphenoid  bone  covering  the  gland  or  even  on  an  ex- 
po.sed  area  of  the  thigh.  His  conclusion  was  that  progesterone  acts  not  di¬ 
rectly  upon  the  pituitary  to  relea.se  ovulating  hormone  but  through  some 
systemic  mechanism. 


Fig.  1.  The  design  of  the  experiments  illustrated  with  a  typical  two-egg  sequence. 
()i  and  O2 — first  and  second  ovulations  in  a  sequence.  Li  and  Lo — lay  of  first  and  second 
eggs.  Progesterone  was  administered  at  4:00  p.m.  Lesions  were  made  during  the  follow¬ 
ing  7  hours;  cross-hatching  in  bar  indicates  time  interval  during  which  lesions  were 
effective  in  preventing  ovulation.  pOi — a  premature  Oi  not  jjrevented  by  lesions.  The 
oviduct  was  palpated  for  the  jiresence  of  an  egg  at  8:30  a.m.  and  2:30  p.m.  the  following 
day.  S,  P,  H — soft,  plump,  and  hard,  indicating  the  state  of  the  egg  in  the  oviduct  as 
determinetl  by  palpations. 


In  another  report  (10)  it  wa.s  suggested  that  normal  ovulation  depends 
upon  the  integrity  of  certain  parts  of  the  Inpothalamus  and  that  destruc¬ 
tion  of  these  by  electrolytic  lesions  may  immediately  halt  the  process  of 
ovulation.  Experiments  were  undertaken  to  determine  whether  the  same 
hypothalamic  regions  are  parts  of  the  presumed  neural  mechanism  actu¬ 
ated  by  progesterone.  The  results  reported  here  indicate  that  this  is  so.  A 
preliminary  account  has  been  published  (11). 

MATERIALS  AXD  METHODS 

A  direct  approach  to  the  problem  of  neural  participation  in  the  ovulation  process  has 
been  made  possible  by  the  use  of  a  stereotaxic  instrument  fitted  with  a  head-holder 
adapted  for  the  chicken.  Details  of  the  stereotaxic  and  lesioning  procedures  emploj  ed 
are  given  elsewhere  (10). 

The  experimental  animals  were  White  Leghorn  hens  9  months  to  2  years  of  age.  They 
were  maintained  in  laying  batteries  and  given  food  and  water  ad  libitum.  .Artificial 
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illuininatioii,  <layliKl>t  not  i‘.\c1u(1(m1,  was  i)rovi(k'(l  from  ()  a.m.  to  <S  i).m.  Time  of  lay 
was  recorded  hourly  from  S  a.m.  to  4  i).m.  Hirds  selected  for  e.xpcrimcnt  were  laying 
sequences  of  two  to  four  eggs  each,  mostly  two-egg  sequences.  Each  cxiK'riment  was  con¬ 
cerned  with  the  first  ovulation  of  a  sequence  only. 

Progesterone  dissolved  in  corn  oil  was  injected  subcutaneously,  1  mg.  per  hen,  between 
4:00  and  4:15  p.m.  into  three  to  eight  birds  on  the  day  of  lay  of  the  terminal  egg  of 
a  sequence.  The  interval  between  injection  of  the  steroid  and  ovulation  is  from  7  to  8 
hours  (5).  Premature  ovulation  of  the  first  follicle  of  the  next  sequence,  if  allowed  to 
occur,  would  then  take  place  between  11:00  and  12:00  p.m.  Lesions  wore  placed  at 
selected  intervals  within  7  hours  after  the  injection  of  progesteroiie.  The  occurrence  or 
failure  of  ovulation  was  determined  by  palpating  the  oviduct  through  the  cloaca  the 
following  day  (Fig.  1). 

Electrolytic  lesions,  made  with  a  direct-current  coagulator,  were  placed  either  singly 
on  the  midline  or  0.5  to  2  mm.  bilaterally.  C’ombinations  of  currents  ranging  from  1  to 
3  milliamperes  and  durations  of  5  to  25  seconds  were  employed  in  the  various  experi¬ 
ments,  creating  lesions  0.5  to  1.5  mm.  in  diameter.  When  sacrificed,  all  birds  were  per¬ 
fused  through  the  heart,  their  brains  were  removed,  fixed  in  formalin,  and  sectioned 
while  frozen  and  stained  with  thionin.  Some  series  were  also  stained  with  sudan  black 
H  to  demonstrate  fibers. 

The  luteinizing  hormone  preparation  used  in  one  experiment  was  Armour’s  Pituitary 
Clonadotrophin  (LH)  dissolved  in  distilled  water. 


RESULTS 

Twenty-five  experiments  like  that  illustrated  by  Figure  1  have  been 
carried  out,  the  position  and  size  of  the  lesions  having  been  varied  in  .sev¬ 
eral  ways.  Two  major  items  of  information  have  been  gained:  (1)  the 
possible  sites  of  progesterone  “excitation”  and  (2)  the  duration  of  its 
action  in  the  hypothalamus.  Lesions  that  prevented  ovulation  were  limited 
to  either  the  anterior  part  of  the  ventro-median  hypothalamus,  in  what  ap¬ 
pears  to  be  a  ventral  portion  of  the  nucleus  praeopticus  paraventricularis 
(12),  or  to  fiber  tracts,  originating  in  the  ventral  preoptic  region  and  pa.s.s- 
ing  through  the  supraoptic  region  (Fig.  2).  At  no  other  sites  in  the  region 
probed  was  it  found  possible  regularly  to  prevent  ovulation.  Lesions  on  the 
midline  or  0.5  to  1  mm.  bilaterally  were  all  equally  effective  in  preventing 
induced  ovulations.  These  are  the  same  hypothalamic  regions  reported 
previously  (10)  to  participate  in  normal  ovulation.  When  placed  2  mm.  bi¬ 
laterally  the  lesions  proved  ineffective. 

The  properly  positioned  lesions  must  be  made  within  2  to  2^  hours 
after  injection  of  progesterone  to  prevent  subsequent  ovulation,  as  is 
demonstrated  by  the  experiments  summarized  in  Table  1.  The  duration  of 
progesterone  action  in  the  hypothalamus  thus  appears  to  be  about  2  hours. 
Lesions  placed  in  the  effective  regions  after  this  period  have  no  influence  on 
the  .subsequent  progesterone-induced  ovulation  (but  will,  of  cour.se,  affect 
later  ovulations). 

A  few  ovulations  did  occur  when  lesions  were  made  in  the  effective  region 
and  before  the  end  of  the  critical  2-hour  period  (cf.  Fig.  2).  Failure  to 
block  ovulation  may  be  attributed,  in  at  least  some  of  these  cases,  to  in- 
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Fig.  2.  Mid-saKittal  plane  of  chicken  diencephalon  on  which  certain  liypothalamic 
nuclei  and  the  sites  of  all  lesions  made  within  two  hours  following  administration  of 
progesterone  are  i)rojected.  Symbols  indicate  the  appro.ximate  center  of  each  lesion: 
() — ovulation;  A — failure  of  ovulation.  1  and  2 — j)rincii)al  and  acce.ssory  parts  of  i)reo|)tic 
l)araventricular  nucleus,  3 — lateral  hypothalamic  nucleus,  4 — mamillary  nucleus,  5 — 
tuberal  nucleus,  6 — median  eminence,  7 — o])tic  chiasma,  8 — anterior  commissure,  9 — 
l)osterior  commissure,  10 — cerebellum.  Fiber  tracts  not  shown.  Limits  of  nuclei  are 
somewhat  arbitrary. 

accurate  l)ilateral  placement  of  the  lesions,  as  was  determined  by  examin¬ 
ing  the  sectioned  brains.  In  others  the  lesions  may  have  been  too  small  to 
destroy  enough  of  the  participating  neurones.  Well  defined  small  lesions 
that  appeared  to  be  placed  in  comparable  positions  often  varied  in  effec¬ 
tiveness  in  preventing  ovulation.  However,  when  the  lesions  were  1  to  l.o 
mm.  in  diameter  and  properly  placed,  blockage  of  the  next  expected  ovula¬ 
tion  was  accomplished. 

I’A'idence  that  prevention  of  progesterone-induced  ovulation  by  lesions 
is  not  caused  by  impairment  of  ovulatory  responsiveness  of  the  follicle  (at 
least  not  immediately)  was  demonstrated  by  the  effectiveness  of  luteiniz¬ 
ing  hormone  injected  intravenou.sly  at  the  time  of  .subcutaneous  injection 
of  progesterone.  Bilateral  lesions  were  placed  in  the  effective  preoptic 
region  of  five  birds  within  2  hours  after  the  4:00  p.m.  injections.  All  five  of 
the  birds  ovulated  prematurely.  It  would  be  expected  that  most  or  all  birds 
bearing  lesions,  if  not  injected  with  LH,  would  have  failed  to  respond  to 
progesterone.  Response  to  the  direct  action  of  exogenous  gonadotrophin 
shows  that  the  follicle  is  still  ovulable.  Failure  of  progesterone  to  induce 
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'rABLE  1.  Minimal  di  kation  ok  stimi  latiox  ok  the  iiypotiialami  s  by  i>Ho(iEsTERo.\E' 

AS  DEMONSTRATED  BY  LESIONS  PLACED  IN  THE  VENTRAL 
PREOPTIC  IIYl‘OTHALAMl  S* 


Time  of  injection 

Time  of  opi'ration 

Interval 

Hesiionse'’ 

4:07  p.M. 

5: 10  p.M. 

i':io" 

N 

4:0!) 

0:00 

2'00'' 

() 

4:10 

7:00 

2 '50" 

o 

4:11 

8:11 

4 '00" 

() 

4:12 

0:12 

5 '00" 

() 

4:13 

10:43 

o':io" 

o 

4:00  p.M. 

4:30  p.M. 

o';io" 

N 

4:01 

5:01 

I'OO" 

N 

4:02 

5::i2 

1 ':{()" 

N 

4:03 

0:33 

2'00" 

<) 

4:04 

7::i4 

3':{0" 

() 

4:05 

8::i5 

4':io" 

() 

4:01  p.M. 

5:31  p.M. 

i':io" 

N 

4:02 

5:52 

1'.50" 

N 

4:03 

0:13 

2'10" 

N 

4:04 

0::U 

2':io" 

() 

4:05 

0 : 55 

2 '50" 

o 

*  Injpcted  subcutiineously,  1  mg./bc»- 

*  Lesions  iiroducod  liy  2.5  m:i.  for  25  seconds  in  the  first  experiment,  2.5  ina.  for  20  seconds 
in  the  second,  and  2.0  ma.  for  10  seconds  in  tfie  last. 

®  N — no  ovulation;  O — ovulation. 


ovulation  after  placement  of  lesions  is  thus  apparently  the  result  of  partial 
or  complete  lack  of  Oil  I  (or  LIl)  release. 

,  DISCUSSION 

The  preoptic  hypothalamus  is  undoubtedly  concerned  with  sondtlo- 
trophin  liberation  following  progesterone  administration.  Only  lesions 
placed  in  a  small  region  of  the  paraventricular  nucleus  or  in  fibers  connect¬ 
ing  that  region  with  the  hypophyseal  structures  prevented  progesterone- 
induced  ovulation,  .suggesting  that  certain  neurones  of  the  paraventricular 
group  are  the  site  of  progesterone  “excitation.”  However,  the  possibility  re¬ 
mains  that  these  neurones  and  their  fibers  are  merely  links  in  a  structural 
complex.  Although  anatomical  evidence  lepds  some  support  to  the  former 
view  (18),  the  latter  possibility  cannot  be  excluded. 

The  timing  relationships  suggested  by  these  experiments  agree  very 
clo.sely  with  the  findings  of  Hothchild  and  Fraps  (2)  that  removal  of  the 
pituitary  within  2  hours  after  the  injection  of  progesterone  prevented 
ovulation.  In  addition,  van  Tienhoven  (7)  has  calculated  that  a  cholinergic 
component  in  progesterone-induced  ovulation  is  functional  for  no  more 
than  2|  hours  following  progesterone  injection. 

It  appears,  therefore,  that  release  of  ovulation-inducing  hormone  from 
the  pituitary  occurs  in  close  association  with  activation  of  the  hypothal¬ 
amus,  since  both  phases  of  the  process  are  completed  about  2  hours  after 
injection  of  progesterone,  van  Tienhoven  (7)  suggested  earlier  that  stimu¬ 
lation  of  neural  processes  and  release  of  LH  from  the  hen’s  anterior  pitui- 
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tary  ^land  proceed  eoiieurrently  following  the  administration  of  proges¬ 
terone. 
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PROGESTERONE  AND  4-PREGNEN-20a-OL-3-ONE  IN 
THE  TISSUES  OF  PREGNANT  RATS' 
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ABSTRACT 

Concentrations  of  two  i)rogostational  hormones,  progesterone  and  4-pregnen- 
20a-ol-3-one,  were  estimated  in  tissues  of  pregnant  rats  in  the  last  third  of 
l)regnaney.  Ah'asurahle  quantities  of  l)oth  compounds  were  obtained  from 
ovaries  (])rogesterone,  7.9  pg.  i)er  gm.;  4-pr(‘gnen-20a-ol-3-one,  10.1  /ig.  j)er 
gm.).  blood  (i)rogesterone,  0.07  MS-  S'''-!  4-])regnen-20a-ol-3-one,  0.03 //g.  l)er 
gm.),  and  fat  (i)rogesterone,  0.12mS-  Pi'*'  Sm-I  4-pregncn-20a-ol-3-one,  0.08  mS- 
l)c‘r  gm.).  Fetuses,  i)laeentae,  amniotie  fluid  and  uteri  on  analyses  gave  negative 
findings.  The  eonelusion  was  reached  that  ovaries  are  the  major  source  of 
progestational  hormones  in  the  rat  during  lat(‘  pregnancy. 

The  chemical  isolation  of  progestational  material  from  the  rat  has  not 
been  reported  previously ;  however,  recent  developments  of  sufficiently 
sen.sitive  techniques  (1-6)  have  made  possible  the  chemical  assay  of  three 
related  steroids,  progesterone,  4-pregnen-20a:-ol-3-one  and  4-pregnen-20/3- 
ol-3-one,  in  tissues  from  human  beings  and  from  several  animal  species. 
The  present  report  deals  with  the  isolation  of  progesterone  and  4-pregnen- 
2()a-ol-3-one  from  the  ti.ssues  of  pregnant  rats. 

EXPERIMENTAL 

Fifty-four  pregnant  female  rats,  seh'ctc'd  on  the  Kith  to  19th  days  after  the  appearance 
of  a  vaginal  plug,  were  e.xsanguinated  into  heparinized  syringes  via  the  abdominal  aorta 
while  under  ether  anesthesia,  and  tlu'  blood  was  immediately  centrifuged.  .\n  average 
of  1 1.5  ml.  of  blood  was  obtained  from  each  animal  yielding  (>.()  ml.  of  plasma.  Embryos 
and  iilaeentae  were  dissected  i)romptly  from  each  uterus.  Fmbilieal  cords  and  fetal 
membranes  were  combined  with  amniotie  fluid  collected  as  (juantitatively  as  possible 
following  rupture  of  the  membranes.  The  embryos  were  washed  with  normal  saline,  .and 
the  washings  were  added  to  the  amniotie  fluid  fraction.  The  residual  uteri,  ovaries  and 
alicpiots  of  peritoneal  fat  were  also  rem{)ved  for  analysis.  Combined  fluids  and  tissues 
from  5  to  20  rats  were  analyzed  in  batches,  and  homogenates  of  the  tissues  were  pre- 
pared  in  distilled  water  with  the  aid  of  a  Lourdes  Multimixer  (20  gm.  tissue  jjcr  100  ml. 
water).  Lipid  extracts  w(>re  then  prepared  from  i)lasma,  amniotie  fluid,  and  tissue 
homogenates  according  to  the  method  of  Zander  and  Sitnmer  (1),  which  on  i)urifieation 
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provided  a  steroid-eontaiidiiK  solution  essentially  free  of  neutral  fat  that  eould  be 
ehromatosraphed  on  paper  strips  2  cm.  wide  in  the  heptane-formamide  system  (7)  with 
two  hours  overrunning. 

Heanning  the  dried  chromatograms  at  240  m/x  in  a  Cary  recording  spectrophotometer 
equii)ped  with  a  special  attachment  for  moving  the  strips  past  the  light  beam  (8)  pro¬ 
vided  a  means  of  estimating  quantitatively  the  steroids  present  in  the  extracts.  Chro¬ 
matograms  obtained  from  extracts  of  large  quantities  of  tissue  (100-200  gm.)  gav'e  high 
baekground  absorption  which  necessitated  rechromatography  and  rescanning.  When 
recordings  of  the  chromatograms  indicated  normal  background  levels,  the  areas  of  anj’ 
absorption  jK'aks  corresponding  in  mobility  to  the  three  known  gestagens  were  deter¬ 
mined  by  planimetry.  Measurement  of  absorption  peaks  for  standard  amounts  of 
authentic  progesterone  chromatograi)hed  in  the  same  wav  i)rovided  data  for  a  standard 
curve  (Fig.  1).  Steroid  equivalents  were  then  estimated  from  the  standard  curve.  The 
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Fig.  1.  Standard  curve  for  estimating 
amounts  of  gestagens  in  extracts  of  blood 
and  tissues.  Indicated  amounts  of  authen¬ 
tic  progesterom*  were  chromatographed  on 
paper  strips  2  cm.  wide  in  the  heptane- 
formamide  system  (7)  with  two  hours  over¬ 
running.  Dried  paper  strips  were  then 
scanned  in  a  Cary  recording  spectrophoto¬ 
meter  at  240  m/i.  .Vreas  of  the  absorption 
peaks  were  measured  by  planimetry. 


extinction  coefficient  of  4-pregnen-20a-ol-3-one  was  assumed  to  be  the  same  as  that  for 
progesterone. 

Characterization  of  the  jirogestational  substances  obtained  from  tissue  extracts  was 
based  on  their  chromatographic  mobilities,  their  ultra-violet  absorption  maxima  and 
sulfuric  acid  spectra,  and  upon  the  formation  of  chemical  derivatives. 

RESULTS 

Ovaries. — Four  separate  analyses  were  made  of  pooled  ovaries.  Two  sub¬ 
stances  (5  to  8  jug.)  having  chromatographic  mobilities  identical  with 
progesterone  and  4-pregnen-20a-ot-8-one  eould  be  estimated  accurately  on 
the  amount  of  material  obtained  from  10  ovaries.  The  concentrations  of 
these  two  substances  are  given  in  Table  1. 

Plasma. — Ite.sults  from  these  analyses  were  inconclusive.  Although 
plasma  volumes  ranging  from  31  to  111  ml.  were  extracted,  in  the  majority 
of  cases  no  material  having  ultra-violet  absorption  at  240  m/x  was  detect¬ 
able;  however,  in  some  of  the  studies,  compounds  having  mobilities  com¬ 
parable  with  progesterone  and  4-pregnen-20a-ol-3-one  were  found  but  not 
in  sufficient  quantities  to  be  accurately  mea.surable.  It  would  appear  that 
the  concentrations  of  the.se  steroids  in  plasma  from  pregnant  rats  are  less 
than  0.1  /xg./gm.  of  plasma  (Table  1). 
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Fat  tissue.- -From  52  of  peritoneal  fat  .siKnifieaiit  quantities  of 
progesterone  ((>.5  /xg.)  and  4-pregnen-20a-ol-5-one  (4.2  /xg.)  were  isolated. 
The  eoneent  rat  ions  in  this  tissue  are  also  given  in  Table  1. 

Fetuses,  plaeeutae,  amniotie  fluid  and  uteri.  Chromatograms  of  the  ex¬ 
tracts  of  these  tissues  failed  to  demonstrate  the  presence  of  ultra-violet  ab¬ 
sorbing  steroidal  material  in  high  enough  concentrations  for  significant 
measurement.  The  quantities  of  tissue  used  for  each  analysis  are  shown  in 
Table  1. 

Analyses  of  all  of  the  abov’e  tissues  failed  to  demonstrate  the  presence  of 
4-pregnen-20,3-ol-5-one.  All  of  the  chromatograms  prepared  during  this 
study  showed  some  pigmented  material  which  remained  on  the  origin,  and 


Table  1.  Levels  of  progesternoe  and  4-PREG\EN-20a-oL-3-o\E  in  preg¬ 
nant  RAT  TISSl'ES  (13th  TO  U(TH  DAY  OF  PREGNAN('Y) 


Tissue 

Weight 

I’rogesterone 

4-  Pregnen-20a-()l- 
:}-one 

gni. 

MK/Kin. 

mK./K'H- 

( )vary 

0 . 7:u 

10.:} 

8.2 

Ovary 

().()48 

0.:} 

12.4 

Ovary 

1  .:t27 

5.:} 

10.0 

( )vary 

1 

0  ..5 

0.:} 

I’lasma 

:ti  .0 

0.07 

o.o:} 

Fat  (peritoneal) 

.52.27 

0.12 

0.08 

IMaeentae 

.  71 .20 

not  (leteetahle 

not  (leteetahle 

Amiiiotie  fluid 

!Mi.40 

not  (leteetahle 

not  (leteetahle 

Uterus 

50.00 

not  (leteetahle 

not  (let(>etahle 

Fetuses 

110.20 

not  (leteetahle 

not  (leteetahle 

which  could  have  obscured  any  steroids  more  polar  than  4-pregnen-20Q;-ol- 
5-one.  Since  the  study  was  designed  to  measure  only  the  three  recognized 
natural  gestagens,  this  more  polar  fraction  was  not  examined  further. 

Chnraeterization  of  steroids.  Identification  of  peak  A,  Figure  2,  as 
4-pregnen-20a-ol-3-one  was  based  on  the  following  properties:  1)  Its 
chromatographic  mobility  was  identical  with  that  of  the  authentic  steroid. 
2)  It  possessed  an  ultra-violet  absorption  maximum  at  240  mg.  8)  It  gave 
a  yellow-brown  color  on  paper  chromatograms  treated  with  C-KI  which 
characteristically  changed  gradually  after  about  2  minutes  to  royal  blue 
beginning  at  the  periphery  and  extending  finally  throughout  the  entire 
spot.  This  blue  color  was  stable  for  15-20  minutes,  fading  slowly.  4)  Acetyl¬ 
ation  to  a  compound  having  the  properties  of  authentic  4-pregnen-20a- 
ol-8-one  acetate.  5)  Oxidation  with  CrOs  to  progesterone.  Similar  criteria 
were  used  for  the  identification  of  4-pregnen-20a-ol-8-one  obtained  from 
eviscerated  rats  previously  injected  with  progesterone  (9). 

Identification  of  peak  B  as  progesterone  was  based  on  its  following 
properties:  1)  Its  chromatographic  mobility  was  identical  with  that  of  the 
authentic  compound.  2)  It  possessed  an  ultra-violet  absorption  maximum 
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Fig.  2.  Facsimiles  of  chromatograms  containing  standard  amounts  of  authentic 
|)rog(*sterone  and  prcgnen-2()a-ol-3-one  (bottom)  and  the  extract  from  10  iiregnant  rat 
ovaries  (top).  Shaded  portions  represent  areas  of  absorption  visible  when  viewed  liy 
ultra-violet  light.  The  curves  correspond  to  the  tracings  obtained  from  the  Cary  record¬ 
ing  spectrophotometer. 

at  240  niM.  3)  It  gave  a  .sulfuric  acid  chromogen  having  an  ultra-violet 
maximum  at  290  ni/z. 

DISCUSSION 

The  pioneer  work  of  Zander  and  coworker.s  (1,  10-14)  ha.s  re.sulted  in 
the  i.solation  and  characterization  of  progesterone,  4-pregnen-20a-ol-3-one 
and  4-pregnen-20/3-ol-3-one  from  human  blood  and  tis.sues.  Other  methods 
for  the  quantitative  determination  of  progesterone  in  human  plasma  have 
been  de.scribed  by  Butt  el  al.  (6),  Short  (2),  Sommerville  (4),  and  Oertel 
et  al.  (o),  and  in  human  placental  tissue  by  several  workers  including  Pearl- 
man  and  Cerceo  (15),  Salhanick  et  al.  (16,  17),  Diczfalu.sy  (18),  Zander  and 
von  Miinstermann  (14),  and  Haskins  (19). 

The  progesterone  content  of  the  body  fluids  and  ti.s.sues  of  .several  ani¬ 
mals  has  been  studied  (3,  20-24).  Circulating  levels  of  the  hormone  have 
been  determined  during  pregnancy  in  the  cow  by  Short  (21)  and  throughout 
the  estrous  cycle  and  pregnancy  in  the  ewe  by  Edgar  and  Honald.son  (23). 

In  addition  to  the  findings  of  Zander  et  al.  already  cited,  the  presence  of 
4-pregnen-20a-ol-3-one  has  been  ob.served  in  human  placentae  (25,  26),  in 
peripheral  blood  of  the  ewe  (20),  and  in  adrenal  vein  blood  of  the  calf  (27), 
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and  the  20/3  epimer  1ms  heeii  found  in  mare  placenta  (20,  2())  and  in  bovine 
ovaries  (22). 

The  metaholic  relationship  between  progesterone  and  4-pregnen-20a-ol- 

3- one  has  been  demonstrated  in  the  eviscerated  rat  (9).  It  is  clear  that 
reduction  of  the  20-keto  group  does  not  require  participation  of  the  liver 
(28).  Hayano  et  al.  (29)  isolated  4-pregnen-20/3-ol-3-one  after  incubation 
of  cattle  corpora  Intea  with  progesterone. 

Demonstration  of  the  biological  activity  of  4-pregnen-20a-ol-3-one  and 

4- pregnen-20/3-ol-3-one  in  the  Clanberg  test  and  the  I  looker- F'orbes  test 
(20,  31)  led  Zander  et  al.  to  conclude  that  these  two  compounds  along  with 
progesterone  should  be  regarded  as  naturally  occurring  gestagens. 

It  is  generally  agreed  that  in  the  rat  oophorectomy  during  pregnancy 
results  in  fetal  death  and  abortion  (32).  However,  it  would  appear  that 
under  restricted  experimental  conditions  the  ovaries  are  not  essential  for 
the  maintenance  of  pregnancy  (32-30),  although  the  presence  of  the  pro¬ 
gestational  hormone  is.  The  placenta  has  been  considered  as  a  source  of 
gestagens  (34);  however,  the  weight  of  evidence  .supports  the  conclusions 
that  the  ovaries  remain  the  major  site  of  gestagen  production  in  the  rat 
throughout  pregnancy,  and  that  the  placenta  while  capable  of  gestagen 
synthesis  is  a  relatively  minor  source  compared  with  the  ovaries.  The 
chemical  studies  reported  here  are  in  full  agreement  with  these  conclusions. 
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ABSTRACT 

()l)sorvations  on  the  effects  of  pituitary  irradiation  have  been  extended  to 
tl)e  monkey.  An  effort  has  been  made  to  det(“rmine  wliether  irradiation  exerts 
a  selective  effect  on  the  functions  of  different  cell  types  in  the  pituitary,  and  to 
determine  the  dosage  necessary  for  complete  destruction  of  the  pituitary.  The 
pituitaries  of  a  groip)  of  young  monkeys  of  known  age,  4  females  and  one  male, 
were  irradiated  with  a  beam  of  high  energy  deuterons.  The  pituitaries  of  three 
monkeys  received  9000  rep,  two  received  half  this  dose,  or  4500  rep.  .Vll  were 
irradiated  when  immature,  between  8  mo.  and  I  yr.  3  mo.  of  age.  Thej'  were 
observed  for  post-irradiation  periods  of  2  yr.  4  mo.  to  4  yr.  4  mo.  The  radiation 
was  localized  in  the  i)ituitary  by  passage  of  the  beam  through  an  aperture  of  the 
size  and  the  shape  of  the  i)ituitary.  .V  high  concentration  of  the  radiation  in  the 
pituitary  with  only  limited  irradiation  of  other  tissues  in  the  path  of  the  beam 
was  achieved  by  rotation  of  the  animals  during  irra<liation.  Only  slight  damage 
was  noted  in  adjacent  tissues,  including  nerves,  blood  vessels,  and  brain.  Xo 
hemorrhages  occurred  from  the  internal  carotid  or  the  circle  of  Willis. 

1.  It  was  possible  to  irradiate  the  monkey  pituitary  with  single  doses  of  4.500 
and  9000  rep  deuterons,  without  serious  injury  to  nerves  or  to  those  parts  of 
the  brain  lying  in  the  path  of  the  beam.  .\  remarkable  localization  of  the 
lesion  to  the  pituitary  was  achieved. 

2.  The  vascular  trunks  so  near  the  pituitary  were  not  severely  damaged;  no 
rujjture  of  these  vessels  occurred  and  they  were  not  occluded  by  thrombi.  Xo 
gross  hemorrhages  were  found  in  the  pituitary,  though  minute  hemorrhages 
occurred.  Some  thickening  of  vascular  walls  was  present  in  the  small  vessels 
of  the  meninges  of  the  pituitary  and  of  the  base  of  the  brain,  particularly  in 
the  region  of  the  infundibulum. 

3.  Deuteron  irradiation  reduced  the  size  of  the  i)ituitary.  Only  the  higher  dose 
caused  disorganization  of  lobular  architecture  with  profound  destruction  of 
parenchyma  and  replacement  by  fibrous  tissue.  At  least  a  few  normal 
appearing  chromophils  could  be  found  in  the  anterior  lobes  of  all  pituitaries. 

Receive  1  June  14,  1959. 
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4.  The  types  of  damage  were  similar  in  all  lobes.  No  speeifie  cell  tyj^e  of  the 
anterior  jhtuitary  appeared  to  he  particnlarly  sensitive  to  radiation. 

o.  A  differential  effect  on  the  pituitary  target  organs  was  noted,  .\fter  !)()()()  rep 
there  was  complete  supj)ression  of  development  of  the  ovary,  and  marked 
interference  with  growth,  hut  little  evidence  of  damage  to  the  adrenals  and 
thyroid.  .\t  the  lower  dose,  4500  rep,  the  ovary  functioned  for  a  time  and 
then  failed;  body  growth  slowed  but  did  not  cease. 

0.  A  definite  time-lag  occurred  between  pituitary  irra<liation  and  full  e.xpres- 
sion  of  the  damaging  effects.  Two  females  (4500  rej))  matured  sexually, 
menstruated  for  5  and  10  months,  and  became  amenorrheie  2  and  2§  years 
after  irradiation.  In  3  of  5  irradiated  monke\s  several  months  elapsed  (5  to 
15)  before  growth  rate  slackened. 

7.  Evidence  of  late  recovery  from  irradiation  was  noted  in  one  male  and  one 
female,  in  which  after  complete  statis  for  5  and  10  months  respectively, 
body  growth  was  resumed  at  a  slow  rate. 

8.  No  adenomatous  transformations  in  pituitary  cells,  such  as  those  observed 
in  the  rat,  were  noted  in  irradiated  monkey  i)ituitaries. 

FOLLOWIXCi  the  demonstration  that  the  pituitary  gland  of  rats  can 
he  selectively  destroyed  by  a  well  localized  beam  of  accelerated  high 
energy  nuclei  from  the  184"  cyclotron  (1,  2)  this  method  of  altering  pitui¬ 
tary  function  has  been  applied  to  the  primates,  monkey  (Mocaca  mulatta) 
and  man  (3).  This  report  deals  with  the  long  term  ob.servations  made  on  a 
small  group  of  young  monkeys  after  deuteron  irradiation  of  the  pituitary 
gland. 

METHOD 

The  procedure  for  the  alignment  of  the  pituitary  in  the  path  of  the  deuteron  beam, 
the  size  of  the  aperture,  the  roentgenograi)hic  check  of  alignment  and  the  method  of 
measurement  of  radiation  dose  and  its  spread  are  essentially  the  same  as  those  explained 
in  detail  in  |)revious  publications.  The  monkeys  were  anesthetized  with  Nembutal  and 
l)laced  in  a  supine  position  in  a  specially  designed  holder  which  provided  firm  fixation  of 
the  head  by  means  of  plugs  in  the  external  auditory  canals  and  a  pin  between  the  maxil¬ 
lary  incisors  (Fig.  1).  The  head  could  be  rotated  during  irradiation  through  a  total  arc 
of  90°  (±45°),  the  beam  passing  through  the  sella  tureica  as  the  center  of  rotation.  .\11 
monkeys  were  rotated  in  a  single  plane  through  this  angle  except  two  which  were  ro¬ 
tated  in  nine  different  planes  {6  =  0,  ±7°,  ±  15°,  ±22°,  ±30°  as  in  chart  3,  reference  3). 
(In  irradiating  the  pituitaries  of  rats  it  was  not  neeessary  to  rotate  the  head  since  the 
morphological  relationships  are  such  that  the  beam  could  be  passed  through  the  i)i- 
tuitary  without  passing  through  the  central  nervous  system.)  The  beam  was  aligned 
by  superimposing  the  beam  image  on  lateral  roentgenograms,  the  deuteron  beam  and 
the  X-ray  having  been  aligned  previously  for  i)arallax  (Figs.  2  and  3).  .\lignment  dur¬ 
ing  rotation  was  assured  by  proper  centering  of  the  bony  landmarks  on  an  anterior- 
j)osterior  roentgenogram  taken  with  90°  rotation  of  the  head  (Fig.  4).  The  deuteron 
beam  was  collimated  to  conform  to  dimensions  of  the  pituitary  by  being  passed  through 
an  ai)erture  slightly  larger  than  the  pituitary;  one  animal  received  radiation  through 
a  round  aperture  0  n  in.  in  diameter,  the  remainder  were  irradiated  through  an  aperture 
shai>ed  to  conform  more  closely  to  the  dimensions  of  the  pituitary,  4X6  mm.  (Table  1). 
The  actual  size  of  the  pituitary  did  not  exceed  4  mm.  (superior-inferior)  by  5  mm.  (an¬ 
terior-posterior). 
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Fig.  1.  An  anesthetized  monkey  during  irradiation,  with  the  head  firmly  fixed  on  the 
rotating  platform.  One  X-ray  unit  is  aligned  to  the  beam  port  and  the  seeond  is  per- 
jiendicular  to  the  axis  of  the  beam.  The  gear  and  driving  mechanism  for  lateral  rotation 
are  shown. 

Figs.  2  to  4.  Roentgenograms  of  the  skull  of  Mm  856  taken  in  preparation  for  irradi¬ 
ation.  (X  and  Y  notations  were  used  to  assist  in  alignment  of  the  cross  hairs  to  the  sella 
turcica.) 

2.  Lateral  view  showing  cross  hairs  intersecting  at  the  center  of  the  sella  turcica. 

3.  second  exposure  in  the  same  position  as  fig.  2,  with  the  image  of  the  beam  super¬ 
imposed. 

4.  .\nterior-posterior  view  taken  to  demonstrate  the  alignment  of  the  vertical  cross 
hair  in  the  mid-sagittal  plane  to  insure  proper  positioning  during  rotation. 
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Table  1.  Conditions  in  deuteron  irradiation  of  the  monkey  pituitary 


.Monkey 

Dose 

Age 

yr.-mo.-da. 

Interval 

Between 

Uadia- 

Number 

rep 

At 

Radiation 

At 

.\utopsy 

Autopsy 

yr.-mo.- 

da. 

S.'id 

•K)00 

1-1-24 

(7/10/’55) 

3-5-10 

(11/14/’57) 

2-3-20 

aperture  oblong;  !10°  rota¬ 
tion  in  multiple  (9)  planes 

83!» 

!«)()() 

t)-8-0 

(l/19/’54) 

4-()-.5 

(11/15/’57) 

3-0-27 

aperture  round;  00°  rota¬ 
tion  in  1  plane 

Females 

8<i2 

4500 

0-11-0 

(7/19/’55) 

3-2-20 

(11/15/’57) 

2-3-27 

aperture  oblong;  00°  rota¬ 
tion  in  (0)  planes 

!»03 

4500 

ca  1-3-0 
(7/14/’53) 

ca  5-0-0 
(11/15/’57) 

4-4-2 

aperture  oblong;  00°  rota¬ 
tion  in  1  plane 

887 

(i!»5 

94(i 

Controls 

— 

3-0-22 
5-2-0 
ca  4-5-0 

— 

— 

837 

0000 

0-0-4 

(1/10/’54) 

2-2-3 

(0/18/’55) 

1-4-20 

aperture  oblong;  00°  rota¬ 
tion  in  1  plane 

838 

Control 

— 

2-2-4 

(0/25/’55) 

— 

— 

The  dose  was  measured  by  a  parallel  plate  ionization  chamber  similar  to  that  used 
previously  in  this  series  of  studies  (1-3).  The  actual  dose  was  checked  in  a  phantom  of 
approximately  the  same  dimensions  as  those  of  the  head  of  the  monkej’.  Photographic 
films  which  had  been  properl}’  calibrated  were  inserted  in  this  phantom  and  the  isodose 
distribution  curves  were  measured.  The  isodose  curves  proved  to  be  approximately 
ellipsoids  which  conformed  flosely  to  the  shape  of  the  pituitary  gland.  The  doses  meas¬ 
ured  at  the  ionization  chamber  were  5000  and  10,000  rep,*  and  were  delivered  at  the  rate 
of  approximately  500  rep  per  minute.  The  actual  measured  isodose  curves  are  given  in 
a  graph  plotted  as  percent  of  the  dose  against  millimeter  distance  from  the  center  of  the 
jiituitary  gland  (Fig.  5).  The  dose  falls  off  rapidly  in  the  direction  of  the  hypothalamus, 
ojitic  chiasma  and  brain  stem,  but  less  rapidly,  due  to  the  particular  method  of  rotation, 
laterally  in  the  region  of  the  temporal  lobe  and  the  cranial  nerves.  Many  factors  enter 
into  the  calculation  of  the  absolute  dose  delivered  to  the  pituitary;  for  example,  the 
incri'ase  in  ionization  along  the  Bragg  ionization  curve,  the  actual  divergence  of  the 
beam,  contamination  of  the  deuteron  beam  by  other  particles,  and  its  attenuation  as  it 
jiasses  through  tissue.  These  factors  accounted  for  an  11%  decrease  from  the  calculated 
dose.  The  actual  doses  at  the  geometrical  center  of  the  pituitary,  calculated  on  the  basis 
of  the  isodose  curves,  and  modified  by  these  considerations,  were  4500  and  9000  rep 
respectively.  The  doses  are  accurate  to  approximately  10%. 

Two  females  and  one  male  monkey  were  irradiated  with  9000  rep  and  two  females 
with  4500  rep.  The  male  was  the  only  animal  in  which  any  injury  to  the  cranial  nerves 
was  noted  in  spite  of  the  close  proximitv  of  these  structures  to  the  pituitary;  a  transient 
jitosis  of  the  eyelid  and  a  dilated  pupil  on  the  right  side  occurred  in  this  animal.  Table  1 

*  In  conformity  with  the  usage  in  previous  papers  (1  and  2)  dealing  with  irradiation 
of  the  pituitary  of  the  rat,  doses  are  reported  here  in  rep  (roentgen  equivalent  physical). 
The  new  international  1  rad  or  1.07  rep  =  100  erg  absorbed  per  gm.  tissue. 
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Fig.  5.  Isociose  curves  showing  beam  intensity  distribution;  diameter  of  pituitary 
4  mm.  (superior-inferior)  X 5  mm.  (anterior-posterior).  Aperture  size  4X6  mm. 

(The  greater  lateral  spread  results  from  the  fact  that  the  beam  was  introduced 
laterally  with  rotation.) 

summarizes  the  conditions  of  the  experiment,  the  sex  of  the  monkeys,  the  age  at  irra<fi- 
ation  and  at  autopsy,  the  dosage  and  the  variability  in  aperture  and  rotation  used  during 
irradiation. 

The  monkeys  (with  one  exception)  were  of  known  age  and  lineage.  The  following 
observations  were  made  during  the  post-irradiation  period,  extending  in  some  instances 
for  four  years.®  The  animals  were  weighed  at  regular  intervals.  Skeletal  growth  and  dif¬ 
ferentiation  were  followed  by  routine  measurements  of  sitting  height,  and  periodic  skele¬ 
tal  roentgenograms.  The  animals  were  observed  carefully  for  evidences  of  sexual  matura¬ 
tion  (vaginal  desquamation,  development  and  changes  in  the  sex  skin  and  menstruation). 
Blood  counts,  total  circulating  red  cell  volume,  and  thyroid  iodine  uptake  were  detc'r- 
mined. 

The  monkeys  were  fed  three  times  a  day.  One  meal  was  cooked,  a  carbohydrate  base 
of  rice,  macaroni,  or  potatoes  being  used  as  a  carrier  for  incorporation  of  adequate  i)ro- 
teins,  milk,  peas,  and  beans,  and  of  salts  and  liver  extract.  The  cooked  meal  was  sui)i)le- 
mented  by  fresh  fruits  and  vegetables,  as  well  as  fresh  milk,  and  vitamins  administered 
individually.  The  body  weight  was  difficult  to  maintain,  especially  in  the  animals  which 
received  the  higher  dose  of  radiation.  Their  appetite  was  not  goo<l,  so  that  in  addition  to 
the  regular  diet  the  irradiated  monkej’s  received  more  frequent  feedings,  and  when  ill 
were  given  subcutaneous  saline  clysis.  Although  the  temperature  in  the  colony  did  not 
fall  below  65°  P'  the  irradiated  monkeys  were  housed  in  the  nursery  due  to  their  sensitive¬ 
ness  to  temperature  change.  They  were  frail  and  susceptible  to  infections  and  needed 

®  Joseph  Negri  was  responsible  for  the  dailj’  record  of  teeth,  menstrual  cycle,  etc., 
and  for  the  meticulous  care  required  to  maintain  these  delicate  animals  in  good  health 
over  periods  of  2  to  4  years. 


Fig.  ().  Photographs  of  dorsal  view.  Control  and  2  experimental  females.  The  numbers 
of  the  individual  monkeys  are  indieated  on  the  photographs,  as  are  the  dosages  of  radi¬ 
ation  (rep)  to  the  pituitary. 

Fig.  7.  Ventral  view:  animals  arranged  in  the  same  order. 

watehful  eare.  Though  they  were  surprisingly  aetive,  they  had  to  be  protected  from 
harassment  by  other  animals.  Tho.se  which  were  irra<liated  with  9000  rep  could  not 
compete  for  food  with  those  which  had  received  4.500  rej),  and  in  turn  these  animals 
could  not  compete  with  normal  animals.  The  physical  strength  and  muscle  tone  was 
diminished  in  the  same  ratio.  The  irradiated  monkeys  were  housed  for  companionship 
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Control  9000  4500' 


857  ■  839  862 


Fi  G.  8.  Mammary  spreads  from  the  same  control  and  two  irradiated  female  monkeys 
as  shown  in  Figs.  6  and  7. 

next  to  younger  and  younger  animals  as  time  passed,  until  finally  5  year-old  monkeys 
were  housed  in  cages  adjacent  to  those  of  0  month  infants. 

RESULTS 

Body  contours.  The  irradiated  monkeys,  though  of  adult  age  at  tlie  termi¬ 
nation  of  the  experiment,  were  small  and  slender  and  of  juvenile  contour 
(Figs.  0  and  7).  Compared  with  controls  the  trunk  was  short,  the  shoulders 
and  hips  were  narrow  and  the  animals  were  less  slender  through  the  lower 
trunk  region  than  adult  multiparous  animals  of  the  same  chronological  age. 
The  head  was  smaller,  and  the  vertex-mandibular  measurements  were  less 
than  in  controls;  the  teeth  were  crowded,  indicating  impaired  jaw  develop¬ 
ment. 

Pelage.  The  hair  of  irradiated  monkeys  was  soft,  fine,  short  and  less 
glossy  than  in  controls.  The  cape  hair  was  shorter  and  the  hair  of  the  lower 
sides  extended  less  far  toward  the  ventral  midline  (Fig.  7). 

Body  growth.  The  rate  of  body  weight  increase  was  retarded  after  irradia¬ 
tion  more  after  9000  rep,  less  after  4500  rep.  The  growth  of  male  and  fe¬ 
male  monkeys  irradiated  between  8  mo.  and  9  mo.  of  age  with  9000  rep 
reached  a  plateau  within  3  to  4  mo. ;  growth  stasis  continued  for  5  mo.  in 
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Fig.  9.  Incroasi*  in  body  woight  in  male  monkeys;  Mm  837  irradiated  with  9000  n'p. 
and  eontrol  Mm  838.  Shaded  area:  eontrol  values  (one  S.I).  from  mean). 


Fig.  10.  Body  weight  ineri'a.se  in  females;  Mm  856  and  839  irradiated  with  9000  rep 
and  Mm  8(52  and  903,  4500  rep.  Shaded  area:  eontrol  values  (one  S.D.  from  mean). 

Mm  <S:i7  and  10  mo.  in  Mm  S89  after  wliich  growth  was  resumed  at  a  slow 
rate.  (Irowtli  in  the  remainder  of  the  monkeys  (those  irradiated  witli  9000 
or  with  4500  rep  between  11  mo.  and  1  yr.  3  mo.  of  age)  did  not  lag  behind 
that  of  the  contemporary  controls  until  10  mo.  after  irradiation  (Figs.  9, 
10).  The  skeletal  growth  measured  by  the  increase  in  sitting  height  is  shown 
in  figures  11,  12,  The  shaded  area  represents  one  standard  deviation  from 
the  colony  average  (4).  The  discrepancy  between  predicted  and  actual  sit¬ 
ting  height  was  greater  in  monkeys  which  received  the  higher  doses.  The 
growth  rate  of  Mm  8.56,  which  received  9000  rep,  paralleled  that  of  the 
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Fig.  11.  Incmisc'  in  sittins  hoiKlit  in  irradiated  male  Min  837,  and  contemporary 
controls,  Min  838  and  Mm  82.').  Shaded  area:  control  values  (oni'  S.l).  from  mean). 


Fig.  12.  Increase  in  sitting  height  in  irradiated  females.  The  menstrual  periods  and 
subsequent  periods  of  amenorrhea  are  shown  at  the  bottom  of  the  fif'*!''*'-  Shaded  area: 
control  values  (one  S.l).  from  mean). 


more  rapidly  growing  controls  until  the  time  of  irradiation  when  the  rate  of 
increa.se  in  sitting  height  was  abruptly  reduced  to  approximately  half.  This 
rate,  which  was  less  than  that  of  slower  growing  controls,  was  maintained 
to  the  termination  of  the  observation  period.  In  Mm  889  the  rate  of  change 
in  sitting  height  before  irradiation  with  9000  rep,  and  for  months  there¬ 
after,  was  comparable  to  that  of  the  slower  growing  controls;  subsequently 
growth  was  absent  for  a  10  month  period,  then  resumed  at  a  rate  less  than 
half  that  of  the  slower  growing  controls.  In  Mm  862  the  rate  of  change  in 
.setting  height  before  irradiation,  and  for  15  months  following  4500  rep, 


840  SIMPSON,  VAN  WAGENEN,  VAN  DYKE,  KONEFF,  TORIAS  Volume  65 


Chronologic  age  (months) 


F'igs.  13-16.  Rate  of  skeletal  ageing  of  four  irradiated  female  monkeys.  The  limits 
of  the  vertical  bars  rej)resent  the  spread  of  maturation  of  the  particular  epiphyses  suit¬ 
able  for  analysis  of  differentiation  at  the  given  chronological  age.  The  continuous  line 
without  bars  represents  the  mean  rate  of  differentiation  of  the  skeleton  for  females  of  the 
colony. 

Fig.  13.  (upper)  Skeletal  maturation  in  Mm  856,  9000  rep. 

Fig.  14.  (lower)  Skeletal  maturation  in  Mm  839,  9000  rep. 

paralleled  the  colony  average,  then  slowed  abruptly  to  half  that  of  the 
slower  growing  controls.  In  the  case  of  Mm  903  routine  measurements  were 
not  made  for  2  years  following  irradiation  with  4500  rep,  from  which  time 
to  the  termination  of  the  experiment  the  rate  of  increase  in  sitting  height 
was  somewhat  less  than  that  of  the  slower  growing  controls. 
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Fig.  15.  Skdotal  maturation  in  Mm  S()2,  4500  rep  (soo  p.  840  for  losomn. 


Fig.  16.  Skeletal  maturation  in  Mm  903,  4500  rep  (see  p.  840  for  legend). 

Skeletal  ageing.  Using  the  series  of  roentgenograms  taken  at  3  month 
intervals,  graphs  were  prepared  showing  the  skeletal  maturation  of  each 
irradiated  monkey.  We  are  indebted  to  C.  W.  Asling,  Department  of  Anat¬ 
omy,  University  of  California,  Berkeley,  for  the  thorough  analyses  of  status 
of  skeletal  development  of  irradiated  monkeys.  The  skeletal  age  plotted  in 
relation  to  the  chronological  age  was  then  compared  with  the  standard  for 
the  colony  (5)  (Figs.  13-16).  In  the  graphs  representing  the  skeletal  ageing, 
the  variations  in  age  estimate  introduced  by  the  timing  of  critical  changes 
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ill  (lifTercnt  lionos  of  the  appi'iidicular  skeleton  are  indieated  liy  vertieal 
bars.  More  variability  was  eneountered  in  the  experimental  than  in  normal 
animals.  In  the  latter,  for  instance  in  the  2  to  3  year  age  group,  there  was 
sufficiently  close  agreement  in  age  of  closure  of  the  various  epiphyseal 
plates  so  that  estimates  of  bone  age  could  be  made  within  an  accuracy  of  8 
months,  whereas  in  the  irradiated  monkeys  it  was  difficult  to  reach  deci¬ 
sions  on  bone  age  within  an  accuracy  of  6  to  9  months.  Xo  irradiated  mon¬ 
key  showed  total  arrest  of  bony  epiphyseal  maturation;  slight  progress  was 
made  at  virtually  every  interval  of  observation  in  every  animal.  None  of 
the  epiphyses  showed  clearly  the  “line  of  arrested  growth”  which  char¬ 
acterizes  full  arrest  of  bony  epiphyseal  maturation  such  as  occurs  in  hy- 
pophysectomized  animals  (6,  7,  8) ;  instead  there  was  a  diffuse  bony  shadow 
representing  trabecular  bone  adjacent  to  all  cartilage  plates,  indicating  the 
possibility  of  cartilage  erosion. 

Of  the  two  females  subjected  to  9000  rep,  skeletal  maturation  in  Mm  8o0 
began  to  lag  within  4  to  9  mo.  (Fig.  18);  in  the  second  (Mm  889)  skeletal 
maturation  was  retarded  more  drastically  and  sooner,  the  change  being 
detectable  within  8  months  after  irradiation  (Fig.  14).  Though  maturation 
of  bone  was  more  decisively  retarded  than  in  the  other  irradiated  female, 
some  differentiation  did  occur  late  in  the  observation  period.  In  the  male, 
which  received  9000  rep,  the  rate  of  bony  maturation  (not  illustrated) 
lagged  behind  normal  soon  after  treatment  and  the  retardation  continued 
for  about  9  months.  Late  in  the  observation  period,  however,  in  the  last  l.o 
year,  some  bony  differentiation  did  occur  and  by  the  time  of  autopsy  skel¬ 
etal  age  was  within  normal  limits.  One  of  the  two  females  which  received 
4500  rep  (Mm  862)  showed  normal  rate  of  bony  maturation  (Fig.  15).  The 
other  (Mm  908)  was  not  observed  for  the  first  2  years,  but  the  bony  ma¬ 
turity  was  definitely  retarded  during  the  8rd  year,  after  which  some  re¬ 
covery  occurred  during  the  4th  year  (Fig.  16). 

T  eeth 

The  time  of  eruption  of  teeth  was  recorded  and  the  normality  of  denti¬ 
tion  was  evaluated  by  the  standards  established  for  this  species  (9).  The 
time  of  emergency  of  permanent  teeth  was  unaffected  in  the  9  months  pe¬ 
riod  after  irradiation  with  either  dose  administered  at  ages  between  8  mo. 
and  1  yr.  However,  deuteron  irradiation  caused  retardation  in  the  emer¬ 
gence  of  the  permanent  teeth  which  were  scheduled  to  erupt  after  this 
time.  It  will  be  recalled  that  in  the  rat,  hypophysectomy  retarded  eruption 
and  growth  of  incisors  (10). 

Reproductive  System 

At  the  time  of  autopsy  all  experimental  females  were  8  to  5  years  of  age 
and  therefore  beyond  the  age  of  menarche.  Those  which  received  the  higher 
dose  of  radiation,  9000  rep,  had  a  primary  amenorrhea;  they  had  never 
menstruated,  showed  no  sex  skin  changes,  and  no  vaginal  desquamation. 
Those  irradiated  with  4500  rep  reached  menarche,  one  prematurely,  the 
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other  late;  the  menstrual  cycles  persisted  for  a  short  period,  0  and  lo  mo., 
after  which  there  was  cessation  of  periodic  bleeding.  At  the  time  of  autopsy 
7.0  and  15  mo.  later,  these  two  animals  still  were  amenorrheic  (Table  2). 

The  ovaries  of  all  irradiated  monkeys  were  small,  pale  and  translucent 
(Fig.  17,  18).  Histological  examination  showed  that  no  follicles  greater  than 
0.5-1  mm.  in  diameter  were  present,  and  there  were  no  corpora  lutea  or 
vestiges  thereof.  There  was  therefore  no  evidence  in  the  ovaries  that  ovula¬ 
tion  had  ever  occurred.  The  ovaries  from  animals  which  had  received  9000 
rep  were  comparable  in  structure  to  those  of  1  to  1.5  year  old  animals. 
Many  primordial  follicles  were  present,  perhaps  more  than  are  typical  for 


Table  2.  Effect  of  dectero.n  irradiation  to  the  pituitary  on  the  reprodui  tive 

SYSTEM  OF  THE  FEMALE  MACAQUE 


Period 

Period  of 

Ovarie.s 

Dimensions 
of  Uterus 

Monkey 

Uadm- 
tion  rop 

Menar<  ho* 
yr.-„.o.-da. 

ino.  ^  * 

Weight 

mg. 

Structure 

L 

R 

8.19 

Primary  Amenorrhua 

4.5 

54 

49 

small  follicles 
no  corpora  lutea 

8X  3X11 

8.56 

IViinary  Anu*norrh(*a 

3.5 

** 

86 

small  follicles 
no  corpora  hit  ^a 

lOX  6X11 

1M13 

3-6-14  9 

15  ea  5 

86 

94 

small  follicles 
no  corpora  lutea 

9X  4X13 

862 

1-4-27  15 

7.5  3.2 

** 

198 

small  follicl(>s 
n )  corpora  lutea 

9.5X  3X17 

U46 

('ontrols  887 

—  Regular 

2-2-4  Regular 

—  ca3.5 

—  3.5 

** 

288 

404 

(Irowing  follicles  and 
corpora  lutea 

18X14X25 

18X16  X20 

695 

1-7-1  Regular 

—  5.0 

»» 

475 

18X14X27 

*  Normal  limits  for  the  colony  1-5-5  to  2-7-21. 

*•  One  ovary  of  Mm  862  was  removed  at  9  mo.  of  age,  of  Mm  856  at  1  yr.,  of  controls  1  to  2  years  br'fore  autopsy. 
The  remaining  ovary  may  be  enlarged  due  to  compen-satory  hypertrophy. 


the  chronological  age.  Numerous  cords  of  epithelioid  cells  were  also  promi¬ 
nent  in  the  tunica  albuginea.  In  monkeys  who.se  pituitaries  had  been  ir¬ 
radiated  with  4500  rep  the  ovaries  contained  many  polyovular  follicles,  but 
after  9000  rep  few  or  no  polyovular  follicles  were  present;  there  were  in¬ 
stead  more  anovular  cords  in  the  inner  cortex.  The  ovaries  of  Mm  839  were 
the  smallest,  in  keeping  with  other  findings  in  this  animal,  indicating  that 
the  pituitary  had  been  more  seriously  damaged  than  in  other  monkeys. 

The  mammary  gland  development  was  lacking  in  monkeys  whose  pitui¬ 
taries  had  received  the  higher  dose,  whereas  definite  duct  development  was 
present  in  those  which  received  the  low  dose,  reflecting  the  difference  in 
development  and  functional  status  of  the  ovaries.  The  diameter  of  the 
mammary  glands  after  9000  rep  was  0.5  to  1  cm.;  after  4500  rep  the  diam¬ 
eter  was  8.5  to  9  cm.  comparable  to  the  diameter  in  the  adult  multipara 
(Fig.  8).  The  latter  were,  however,  not  typical  of  normal  adult  glands  but, 
rather,  of  regressed  glands  (11).  The  size  of  these  glands  indicated  that 
duct  development  had  progressed  in  a  manner  to  be  expected  during  the 
establi.shment  of  the  menstrual  cycle,  but  there  was  a  deficiency  in  the 
alveolar  component.  The  glands  consisted  of  narrow  branching  ducts  with 
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Fig.  17.  Ovary  Mni  8.57,  control,  adult  ovary  containing  corpora  lutca  of  two  a^cs. 
.\}^c  3  yr.,  ()  mo.,  22  da. 

Fig.  18.  Ovary  Mm  839,  9000  rep,  wide  cortex,  small  follicles,  no  evidence  of  old 
corpora  lutca,  a^e  4-t)-5.  H  &  E  X 17. 


little  or  no  associated  acinar  tissue,  the  pattern  being  similar  to  that  found 
in  the  sexually  mature  monkey  deprived  of  ovarian  function  by  castration. 
The  mammary  glands  of  the  monkeys  treated  with  9000  rep  had  not  de¬ 
veloped  beyond  the  basic  .size  characteristic  of  the  very  young  male  or  fe¬ 
male,  or  the  adult  male.  They  could  be  distinguished  from  young  growing 
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glands  hy  the  absence  of  terminal  buds  on  the  short  tapered  ducts.  The 
nipple  size  paralleled  closely  the  mammary  gland  size.  As  can  be  noted  in 
photographs  showing  the  ventral  surfaces  of  the  monkeys  the  nipples  had 
developed  in  the  larger  animals  which  received  the  lower  dosage,  but  not 
in  those  whose  growth  luul  been  most  seriously  impaired  by  the  higher  dose 

(I'iR. 

The  uteri  were  small  in  all  four  irradiated  monkeys,  being  comparable 
in  dimensions  to  those  of  prepuberal  monkeys  (Table  2). 

The  male  whose  pituitary  was  irradiated  with  9000  rep,  and  its  control 
were  still  sexually  immature  at  the  time  of  autopsy  when  2  yr.  2  mo.  of  age. 
I'iven  at  this  early  age  the  testes  of  the  irradiated  male  were  smaller  and 
le.ss  mature  than  in  the  control  (testis  290  mg.  compared  with  812  mg.  in 
control). 

Changes  in  Endocrine  Organs  and  Other  Viscera 

The  adrenals  were  much  smaller  in  irradiated  animals  than  in  controls, 
perhaps  out  of  proportion  to  the  reduction  in  body  weight.  The  organiza¬ 
tional  pattern  of  the  adrenal  cortex  was  less  distinct  in  irradiated  monkeys 
than  in  controls.  Beside  reduction  in  size  of  the  cortical  cells,  the  most  con¬ 
sistent  change  was  the  reduction  in  width  of  the  zona  reticularis.  This  was 
more  pronounced  after  the  higher  dose  of  radiation.  A  distinct  subglomer- 
ular  lipid  free  zone,  such  as  characterizes  the  adrenal  cortex  of  the  hypo- 
physectomized  rat,  was  not  seen  in  adrenals  of  irradiated  female  monkeys, 
and  was  only  suggested  in  that  of  the  irradiated  male.  The  amount  of  lipid 
and  the  droplet  size  were  not  markedly  changed  in  the  zona  fasciculata; 
the  lipid  content  of  zona  glomerulosa  and  zona  reticularis  was  low  in  adre¬ 
nals  of  control  as  well  as  of  irradiated  monkeys.  Though  the  weights  of  the 
adrenals  were  within  the  range  described  by  Knobil  et  al.  (12)  in  the  surgi¬ 
cally  hypophysectomized  monkey,  the  histological  changes  were  not  so 
pronounced. 

The  thyroids  were  much  smaller  in  irradiated  than  control  monkeys,  and 
were  within  the  weight  range  found  after  hypophysectomy,  but  they  were 
not  histologically  distinctive.  In  all  thyroids,  including  those  of  the  con¬ 
trols,  the  epithelium  was  low  and  the  colloid  compact.  A  limited  number  of 
observations  were  made  of  the  uptake,  and  as  shown  in  Table  3  the 
percent  uptake  of  the  injected  dose  was  low  compared  with  pre-irradiation 
values.  However,  the  uptake  remained  much  higher  than  would  be  antici¬ 
pated  after  complete  hypophysectomy.^ 

■'  No  (lata  \\or(j  found  in  the  literature,  on  iodine  uptake  by  tliyroids  of  hypophysec- 
toinized  inonk(\vs.  However,  E.  Knobil  by  personal  eotnniunieation  stated  that  no  iodine 
uptake  could  be  detected  in  the  hyi)oj)hysectoinized  monkeys  examined.  He  gives  the 
following  value  for  surgically  hypophysectomized  monkeys  of  about  4  kg.  B.W.,  1-7.5 
mo.  after  operation:  thyroids  205  to  472  mg.,  average  315  mg.  compared  with  436  mg. 
in  controls;  adrenals  245  to  410  mg.  average  321  mg.  compared  with  633  mg.  in  controls. 
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The  parathyroids,  thymus  and  spleen  showed  no  consistent  alterations. 
The  viscera  from  irradiated  monkeys:  spleen,  lung,  heart  and  liver  weighed 
less  than  those  of  normal  controls,  roughly  paralleling  the  decreased  body 
size.  Xo  histological  changes  attributable  to  irradiation  were  present  in 
these  organs,  though  the  decreased  organ  weights  were  at  least  in  part  due 
to  decreased  cell  size  (Table  3). 

White  and  Red  Blood  Cells 

Total  and  differential  counts  of  leukocytes,  total  red  cell  counts,  and 
determinations  of  hemoglobin  and  hematocrit  were  made  at  intervals  dur¬ 
ing  the  period  of  observation.  Total  circulating  red  cell  volumes  were  de¬ 
termined  at  the  beginning  and  end  of  the  experiment.  On  the  basis  of  these 
somewhat  limited  data  no  definite  change  was  demonstrated  in  blood  val¬ 
ues. 

Brain  Injury 

Careful  analysis  of  the  brains  was  made  by  .1.  Cammermeyer  and  W.  F. 
Windle  of  the  Laboratory  of  Xeuroanatomical  Sciences,  National  Institutes 
of  Neurological  Diseases  and  Blindness.  The  brains  of  the  four  irradiated 
female  monkeys  were  perfused  in  situ  with  acacia-formalin;  embedded  in 
paraffin.  Serial  sections  were  made  of  the  infundibulum  and  representative 
sections  from  other  areas.  They  were  stained  with  gallocyanin  chrome 
alum,  dross  examination  showed  that  the  leptomeninges  in  all  brains  were 
moderately  thickened  around  the  optic  chiasm  and  particularly  in  the 
region  of  the  infundibulum.  Greater  thickening  was  present  in  the  animals 
which  had  received  the  higher  dosage  of  irradiation.  In  these  animals,  also, 
the  intima  of  the  small  vessels  of  the  leptomeninges  around  the  infundibu¬ 
lum  were  thickened  and  hyalinized. 

Despite  the  extensive  destruction  which  had  occurred  in  all  irradiated 
pituitaries  the  damage  to  the  posterior  lobe  and  infundibulum  was  suffi¬ 
ciently  severe  to  cause  retrograde  degeneration  of  the  associated  hypo¬ 
thalamic  nuclei  in  only  one  of  four  brains.  The  paraventricular  and  supra¬ 
optic  nuclei  were  intact  in  both  animals  which  had  received  4500  rep  and 
in  one  which  had  received  0000  rep;  in  the  other  (Mm  839)  there  was  a 
marked  atrophy  and  loss  of  cells  in  the  paraventricular,  and  particularly 
in  the  supraoptic  nucleus.  This  was  the  only  brain  in  which  the  adjacent 
parts  of  the  cerebrum  were  damaged.  This  damage  in  the  hypocampal 
gyrus  was  greater  on  the  right  side,  though  there  was  also  minimal  damage, 
with  a  pinpoint  area  of  necrosis,  on  the  left  side.  The  areas  of  coagula¬ 
tion  necrosis  were  delimited  by  glial  membranes,  indicating  that  the  lesions 
were  of  long  standing.  In  the  cortex  adjacent  to  the  area  of  coagulation- 
necrosis  on  the  right  side,  and  over  the  small  pinpoint  necrosis  on  the  left, 
there  was  a  diffuse  area  where  the  astrocytes  were  hypertrophied  and 
where  there  was,  in  addition,  focal  loss  of  the  pyramidal  cell  layer.  The 
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Fig.  19.  Para-saj'ittal  section  throuKh  pituitary  of  control  monkey  (Sim  946,  female, 
aR(‘  3.0  yr.,  H.W.  .0.20  kf;.).  (Posterior  lobe  left;  anti'rior  lobe  right.)  Periodic  acid  Schiff 
(PAS)  XI 7.0. 

Fig.  20.  Sagittal  section  through  pituitary  of  control  monkey  (Mm  838,  male,  age 
2-2-3,  H.W.  3.97  kg.).  (Posterior  lobe,  left.)  The  distal  part  of  the  stalk  is  deeply  em¬ 
bedded  in  the  parenchyma  of  the  anterior  lobe.  PAS  X  17.5. 
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leptomeninges  overlying  the  damage  showed  reactive  changes  of  the  ves¬ 
sels.  With  these  few  exceptions,  restricted  largely  to  one  irradiated  animal, 
the  damage  to  the  brain  was  negligible. 

Changes  in  Irradiated  Pituiiaries 

All  irradiated  and  control  pituitaries  were  studied  histologically.  They 
were  fixed  initially  in  formol  (since  perfusion  was  used  to  harden  the  brain) 
and  only  secondarily  in  Regaud’s  fluid.  The  pituitaries  were  dissected  from 
the  .sella  turcica  after  fixation.  Some  difficulty  was  encountered  in  thisdi.s- 
section  due  to  the  thickening  of  the  enclosing  membranes,  and  in  some 
instances  due  to  the  necrosis  of  the  bony  sella  turcica.  The  pituitaries  were 
bisected  after  fixation  and  one  half  of  the  gland  was  then  .sectioned  in  the 
sagittal  plane  and  the  other  half  at  right  angles,  in  either  the  horizontal  or 
the  frontal  plane.  After  nitrocellulo.se  embedding,  the  pituitaries  were  cut 
at  four  micra  and  representative  sections  from  five  levels  were  stained  with 
Mallory-azan  and  periodic  acid  SchifT  stains. 

In  the  anterior  lobe  of  the  glands  of  normal  monkeys,  the  density  of  dis¬ 
tribution  of  the  two  types  of  chromophils  is  not  constant.  In  the  part  of  the 
anterior  lobe  immediately  adjacent  to  the  intermediate  lobe  the  predomi¬ 
nant  chromophil  is  the  acidophil  which  stains  with  orange  G  after  Mallory- 
azan.  The  basophils  are.  far  more  numerous  in  the  anterior  portion  of  the 
gland.  In  the  antero-superior  region  the  cells  of  the  anterior  lobe  blend 
with  those  of  the  intermediate  lobe  to  form  a  sleeve  which  surrounds  the 
infundibulum.  Both  acidophils  and  basophils  are  distinguishable  in  this 
extension  of  glandular  tissue  upward  toward  the  brain.  Elsewhere  in  the 
pituitary  a  sharp  line  of  demarcation  exists  between  the  anterior  and  inter¬ 
mediate  lobes.  In  addition  to  the  two  cla.ssical  types  of  chromophils,  the 
basophils  staining  with  aniline  blue  and  acidophils  which  stain  with  orange 
(J,  there  is  a  third  type  of  chromophil,  seen  in  Mallory-azan  stains  of  the 
monkey  pituitary,  which  stains  deeply  with  azo-carmine.  These  carmino- 
philic  cells  are  usually  larger  than  other  acidophils,  show  di.screte  granules 
and  have  a  prominent  Golgi  apparatus  which  is  situated  at  a  distance  from 
the  nucleus.  The  carminophils  are  readily  seen  in  Mallory-azan  stained 
.sections  in  the  predominantly  basophilic  areas,  where  they  appear  both 
singly  or  in  small  groups.  They  are  present  elsewhere  in  the  anterior  lobe 
but  in  le.s.ser  numbers.  In  the  periodic  acid  Schiff  stain,  these  cells,  like  the 
eosinophils,  take  the  orange  G  stain,  i.e.,  do  not  stain  with  basic  fuchsin, 
and  therefore  are  PAS  negative. 


Fig.  21.  Sagittal  sc'ction  of  irradiated  monkey  pituitary  (Mm  839,  female,  age  3-9-27, 
R.W.  3.20  kg.,  9000  n*])  at  ag<‘  0-8-9).  The  normal  struetural  i)attern  is  disturbed,  with 
considerable  destruction  of  central  jjortion.  Posterior  lobe,  left;  ant(‘rior  lobe  ti.ssue,  right 
Large  mass  of  bone  marrow  is  in  direct  contact  with  parenchyma  (upper  left).  Mallory- 
azan  (M-A)  X17.5. 


Fig.  22.  .Vnt<‘rior  pituitary  (.Mm  839).  Due  to  resorption  of  jiart  of  tlie  sella  turcica  and 
adjacent  covering  membranes,  invasion  of  anterior  pituitary  by  bone  marrow  has  oc- 
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Tlic  intcM  inediate  lol)e  is  composed  of  uniformly  sized  cells,  which  do  not 
stain  intensely  and  have  vesicular  nuclei  with  small,  though  prominent, 
nucleoli.  Laterally  and  posteriorly  the  intermediate  lobe  spreads  as  a  thin 
layer  of  cells  over  the  neural  lobe.  The  neural  lobe  of  the  monkey  is  rela¬ 
tively  large,  occupying  a  large  portion  of  the  sagittal  section  (Fig.  19,  20). 
The  distal  part  of  the  infundibulum  is  embedded  deeply  in  the  anterior 
lobe  tissue,  and  forms  an  abrupt  angle  with  the  part  extending  upward  to¬ 
ward  the  brain. 

There  were  multiple  changes  in  the  irradiated  pituitaries,  some  of  which 
were  common  to  all.  The  pituitaries  from  experimental  animals  were  con¬ 
siderably  smaller  than  normal  (Table  3,  Fig.  21).  The  reduction  in  size 
involved  all  lobes.  The  covering  membranes  were  thickened  and  firmly 
attached  to  the  gland  itself  by  collagenous  fibers  which  extended  into  the 
parenchyma  (Fig.  28).  Due  to  such  adhesions,  the  thin  peripheral  layer  of 
the  pars  intermedia  surrounding  the  pars  posterior  was  frequently  lost  in 
removal  of  the  irradiated  pituitaries  from  the  sella  turcica. 

The  general  pattern  of  microscopic  structure  of  the  irradiated  pituitary 
was  usually  still  distinguishable  even  with  low  magnification;  also,  the 
usual  distribution  of  specific  cell  types  was  maintained  in  most  of  the  ante¬ 
rior  lobes.  Cell  size  was,  however,  not  so  uniform  as  in  control  pituitaries. 
All  lobes,  especially  the  intermediate  lobe,  contained  areas  where  extensive 
cell  destruction  or  vacuolation  of  parenchymal  cells  was  widespread  (Fig. 
2(5).  The  walls  of  the  blood  vessels  were  frequently  thickened,  especially  in 
tho.se  near  the  periphery  of  the  glands  (Fig.  29).  The  reduced  cell  size,  and 
the  partial  degranulation  which  .so  frequently  characterized  irradiated 
glands,  may  have  been  .secondary  to  reduced  vascularity  re.sulting  from 
such  sclerosis.  Scar  tissue  appeared  to  have  replaced  parenchyma  in  areas 
where  small  localized  hemorrhages  had  occurred  secondarily  to  damage  of 
blood  ve.s.sels  (Fig.  30).  The  types  of  change  observed  were  present  in  all 
lobes,  and  the  cellular  abnormalities  did  not  affect  preferentially  any  par¬ 
ticular  cell  type  or  location.  The  cellular  changes  involved  both  cytoplasm 
and  nucleus.  Vacuolation  was  present  in  cells  of  different  types  and  in  dif- 

curred  (upper  part  of  field).  Blood  sinuses  are  continuous  between  bone  marrow  and 
pituitary  tissue.  M-.\  X320. 

Fig.  23.  Another  section  of  the  pituitary  of  Mm  839.  Pars  intermedia  (I)  and  pars 
anterior  (A)  have  been  subdivided  into  islands  by  heavy  scar  ti.ssue.  Bone  marrow  is 
invading  both  types  of  tissue.  M-A  X320. 

Fig.  24.  Bone  marrow  in  area  of  invasion  shown  in  the  preceding  figures  (Mm  839). 
Developing  leukocytes  and  erythrocytes  are  present,  as  well  as  megakarocytes.  P.\8 
X.oOO. 

Fig.  25.  Section  through  anterior  lobe  (Mm  839)  showing  that  regardless  of  extreme 
damage  to  the  parenchyma  all  specific  cell  types  are  still  recognizable.  Basophil  (B), 
acidophils  stained  with  orange  G  (A),  or  azo-carmine  carminophils  (A*),  chromophobe 
(C).  M-A  X800. 
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ferent  parts  of  the  gland  (Fig.  34  to  39).  Cells  of  luiiisually  large  size  were 
found  in  all  lobes  of  the  hypophysis  and  among  all  types  of  parenchyma! 
elements  (Figs.  33  to  3!)).  Abnormal  mitotic  divisions  were  found  in  all 
parts  of  the  pituitary  (Figs.  31,  32).  Abnormal  mitoses  with  residtant  ab¬ 
normal  cells  have  also  been  described  in  irradiated  hypophyses  of  rats  (1, 
2).  No  adenomata  were  visible,  either  grossly  or  microscopically  in  irradi¬ 
ated  monkey  pituitaries  and  there  were  no  nests  of  abnormal  cells,  as  found 
in  rat  pituitaries  at  low  radiation  doses  and  after  long  post-irradiation  pe¬ 
riods  (2). 

The  changes  in  the  pituitary  of  monkey  839  (9000  rep)  require  a  more 
detailed  description.  This  pituitary  was  the  smallest  of  the  experimental 
glands,  weighing  only  12.4  mg.,  and  was  so  altered  that  it  was  impossible 
to  distinguish  the  separate  lobes  with  low  magnifications  (Fig.  21).  The 
central  portion  of  the  gland  was  composed  of  homogeneous  material  inter¬ 
spersed  with  dense  strands  of  connective  tissue.  Small  cysts  and  localized 
hemorrhages  were  present  among  the  surviving  parenchymal  cells;  only 
with  higher  microscopic  resolution  could  the  tissue  be  identified  as  part  of  a 
particular  lobe.  There  was  evidence  that  multiple  small  hemorrhages  had 
occurred  and  were  still  occurring  at  time  of  autopsy;  well  preserved  red 
blood  cells  were  found  free  in  the  tissues  in  certain  areas,  as  well  as  macro¬ 
phages  enclosing  hemosiderin  (Fig.  27).  The  remaining  parenchymal  cells 
were  grouped  in  islands  or  cords  by  scar  tissue  (Fig.  23).  It  was  noted  at 
the  time  of  removal  of  the  pituitary  that  part  of  the  sella  turcica  had  been 
destroyed  and  in  certain  places  the  bone  marrow  had  actually  invaded  the 
anterior  and  intermediate  lobes  (Figs.  21  to  23).  Thin  walled  sinuses  could 
be  seen  passing  from  one  tissue  to  another  without  interruption.  Various 
precursors  of  leukocytes  and  erythrocytes,  as  well  as  megakaryocytes, 
could  be  identified  within  the  parenchyma,  making  it  conclusive  that  this 
invading  tissue  was  bone  marrow  (Fig.  24).  Regardless  of  the  profound 
alterations  in  all  parts  of  the  pituitary  and  the  many  abnormal  cell  forms 
present,  all  types  of  chromophils  were  still  recognizable.  As  far  as  could  be 
judged  from  morphology,  these  cells  were  functional;  their  Golgi  apparatus 

nuclei  an*  pyknotic.  Some  eells  are  extrensiveh’  vacuolated.  Cell  size  is  variable.  M-.V 
X5()0. 

Fig.  27.  Changes  in  the  posterior  lobe  following  irradiation  (Mm  839).  Scar  tissue  has 
distort'd  the  organization.  Macrophages  (.M)  still  contain  inge.5ted  matter,  chiefly  crys¬ 
tals  of  hemosiderin.  M-.\  X500. 

Fig.  28.  .interior  lobe  (Mm  850,  female,  age  .3-5-19,  B.W.  4.47  kg.,  9000  rep  at 
1-1-24)  showing  excessive  proliferation  of  collagenous  fibers.  Parenchymal  cells  are 
small,  and  most  are  degranulated.  .\  well  granulated  acidophil  is  marked  (.\).  M-.\ 
X320. 

Fig.  29.  Thickening  of  the  walls  of  blood  vessels  in  periphery  of  the  pituitary  (Mm 
802).  M-A  X450. 

Fig.  30.  Avascular  scar  tissue  replacing  part  of  posterior  lobe  tissue  (center)  (Mm  802). 
M-A  X500. 
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was  often  enlarged  and  normal  granulations  and  normal  staining  reactions 
characterized  them  (Fig.  25). 


DISCUSSION 

There  was  no  evidence  from  morphology  for  differential  radio-sensitivity 
of  any  of  the  anterior  pituitary  chromophils  at  this  post-irradiation  period. 
Haymaker  et  al.  (18)  described  destructive  changes  in  the  basophils  in 
monkey  pituitaries  within  a  few  hours  after  irradiation  with  .5000  to  10,000  r 
from  gamma  particles.  In  the  rat  a  slightly  greater  resistance  of  the  gonado¬ 
trophic  basophils  was  reported  after  low  dosage  and  long  post-irradiation 
periods  (2). 

All  functions  of  the  pituitary  were  depressed.  The  reproductive  system 
was  hypofunctional  in  every  instance.  In  the  two  females  subjected  to  9000 
rep  there  was  a  primary  amenorrhea  and  the  ovaries,  uterus  and  vagina 
remained  infantile  long  after  the  time  of  normal  menarche;  the  mammary 
gland  and  nipple  up  to  4.5  years  of  age  remained  in  the  condition  charac¬ 
teristic  of  the  immature  male  or  female.  The  two  monkeys  whose  pituitaries 
were  irradiated  with  4500  rep  reached  menarche,  and  irregular  menstrual 
cycles  continued  for  9  and  15  mo.,  after  which  .secondary  amenorrhea  per- 
si.sted  until  autopsy  7.5  to  15  months  later.  Clrowth,  as  measured  by  body 
weight,  .sitting  height,  and  skeletal  differentiation  was  impaired  in  all  the 
monkeys  whose  pituitaries  were  irradiated,  but  growth  stasis  occurred 
only  in  two  of  the  three  animals  irradiated  with  9000  rep  (Mm  889,  Mm 
887).  In  general,  skeletal  differentiation  paralleled  body  growth.  The  adre¬ 
nals  were  reduced  in  weight,  and  the  cortex  was  narrower,  chiefly  due  to 
atrophy  of  the  zona  reticularis.  The  atrophy  of  this  zone  was  more  com¬ 
plete  in  the  animals  who.se  pituitaries  were  irradiated  with  9000  rep.  The 
thyroids  of  irradiated  animals  were  one  half  to  a  third  normal  weight,  but 
histological  differences  were  not  detected.  Study  of  the  I'^‘  uptake  showed 
that  they  were  still  capable  of  incorporating  a  large  part  of  the  injected 
dose. 

Figs.  31-32.  Anterior  lobe — abnormal  mitoses  in  chromophobes  (no  stainable  granules 
were  i)resent).  M-.\  XSOO. 

Fig.  33.  .\nterior  lobe — basophil  with  atyjjieal  nucleus  (P.VS  positive  granules 
presimt).  XSOO. 

Fig.  34.  .interior  lobe — chromophobe,  enlarged  and  vacuolated.  No  stainable  granules 
were  present.  Then'  are  two  smaller  cells  end)edded  in  its  cytoplasm.  M-.\  XSOO. 

Fig.  3.5.  .\nterior  lol)e,  acidophil  partially  dejileted  of  granules.  Nucleus  contains  a 
large  vacuole.  The  outlines  of  the  cell  are  not  distinct  due  to  engulfed  chromo|)hobes. 
PAS  XSOO. 

Fig.  36.  .\nterior  lobe — enlarged  cells  containing  basophilic  granules  and  single 
vacuole  (signet  ring  type).  .M-.\  XSOO. 

Fig.  37.  .\nterior  lobe — enlarged  basophil  with  multiple  vacuoles  and  a  few  residual 
basoi)hilic  granules.  M-.\  XSOO. 

Fig.  38.  Intermediate  lobe — enlargi'd  and  vacuolated  cells.  P.\S. 

Fig.  39.  Posterior  lobe — enlarged  vacuolated  cells.  M-.\  XSOO. 


S5«)  SLMPSOX,  VAX  WAGEXEX,  VAX  DYKE,  KOXEFF,  TOBIAS  Volume  63 


It  appears,  therefore,  that  of  the  pituitary  target  organs  and  functions, 
the  gonads  were  most  sensitive  to  pituitary  damage.  In  females  which  were 
irradiated  with  4.500  rep,  reproductive  function  was  suppressed  after  a 
delay,  whereas  after  0000  rep  regression  occurred  sooner.  Body  growth  was 
somewhat  less  sensitive  to  pituitary  damage;  though  slowing  of  growth 
occurred  after  4.500  rep  and  there  was  also  retardation  of  skeletal  differ¬ 
entiation,  complete  suppression  did  not  occur  even  after  9000  rep.  The 
effect  of  pituitary  irradiation  on  the  adrenals  was  slight  after  9000  rep;  the 
least  effect  was  observed  on  the  thyroids. 

In  the  rat,  “evidence  for  diminished  hormone  secretion  from  the  ante¬ 
rior  pituitary  appeared  in  the  dependent  endocrine  function  in  the  follow¬ 
ing  sequence,  as  the  dose  or  time  interval  increased;  adrenal  atrophy  with 
decreased  cortical  width,  thyroid  atrophy,  slowed  body  growth  and  finally 
atrophy  of  the  testes  and  dependent  accessory  sex  organs,”  (2).  It  was  only 
after  irradiation  of  the  rat  pituitary  with  2.5,000  rep  or  more  that  the  organ¬ 
ization  of  the  pituitary  was  obliterated,  only  a  few  epithelial  cells  remaining 
at  the  periphery  of  the  gland,  and  that  immediate  cessation  of  endocrine 
functions  occurred. 

Xo  tumors  were  noted  in  the  irradiated  monkey  pituitaries  though  the 
glands  were  examined  as  late  as  4g  years  after  irradiation.  Adenomatous 
changes  had  been  found  to  be  frequent  in  the  irradiated  pituitaries  of  rats 
(2),  after  a  much  briefer  period  (2  yr.).  It  should  be  noted,  however,  that 
adenomas  were  only  observed  in  pituitaries  of  rats  irradiated  with  the  low 
doses  (94,5  and  1.57.5  rep),  none  being  observed  at  doses  of  31.50  to  6300  rep, 
doses  more  nearly  comparable  to  those  applied  to  monkey  pituitaries. 

A  considerable  time  intervened  between  irradiation  of  the  monkey  pi¬ 
tuitary  and  the  expressed  effects  of  radiation.  At  the  higher  dose  the  de¬ 
pression  of  growth  rate  was  immediate  or  became  evident  within  6  mo. 
whereas  after  the  lower  dose  retardation  in  growth  did  not  appear  for  over 
a  year.  The  time-lag  was  also  shown  clearly  by  the  reproductive  system  of 
the  two  females  subjected  to  the  lower  dosage  of  pituitary  irradiation; 
after  establishment  of  menstrual  cj’cles,  secondary  amenorrhea  supervened 
2  to  2g  .years  after  irradiation;  implying  delay  in  failure  of  pituitary  sup¬ 
port.  Such  a  delay  in  appearance  of  the  effects  of  pituitar.v  irradiation  had 
been  shown  clearlv  in  the  stiuh’  of  the  rat.  After  irradiation  with  0300  rep 
atrophic  changes  were  observed  within  3  months,  in  the  pituitar.v  and  all 
its  target  organs,  and  body  growth  was  depressed.  After  12,000  rep  all  were 
affected  within  1  to  2  months.  Immediate  cessation  of  pituitary  function 
did  not  follow  until  doses  of  20,000  rep  or  more  were  given. 

X'o  evidence  of  functional  recoverv  was  observed  in  the  rat.  There  was 
evidence  in  the  present  studv  that  limited  recover.y  of  the  pituitary  oc¬ 
curred  seyeral  .years  after  irradiation.  The  monke.y  in  which  the  pituitary 
had  been  most  severel.y  damaged  following  irradiation  by  9000  rep,  failed 
to  increase  in  body  weight  and  length  for  a  10  month  period  and  then  re- 
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sumed  growtli  at  a  slow  rate.  This  observation  suggests  that  at  least  a  small 
degree  of  recovery  had  taken  place  in  the  pituitary. 
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EFFECT  OF  PITUITARY  GROWTH  HORMONE  ON  LYMPHATIC  TISSUES, 
THORACIC  DUCT  LYMPH  FLOW,  LYMPH  PROTEIN  AND 
LYMPHOCYTE  OUTPUT  IN  THE  RA'D 


ABSTRACT 

Administratioi)  of  IxM'f  anterior  pituitary  growth  horinono  to  h\  pophyseetomized 
rats  produeed  increases  (out  of  proportion  to  body  weight  gain)  in  weights  of  tliy- 
nius,  spleen  and  mesenteric  lymph  nodes  and  in  total  lymph  protein  and  lymphocyte 
output  from  the  thoracic  duct.  Cervical  lymph  nodes  were  enlarged  in  direct  pro¬ 
portion  to  body  weight  changes. 

Certain  lymphatic  tissues  are  increased  in  weight  by  growth  hormone  treatment 
(reviewed  by  Dougherty  (1),  Lundin  (2)).  The  present  experiments  were  planned  to 
correlate  changes  in  lymphatic  tissues  (thymus,  lymph  nodes,  spleen)  with  possible 
alterations  in  protein  and  cell  output  of  thoracic  duct  lymph,  and  in  the  peripheral 
white  blood  cell  levels. 


MKTUODS 

Fourteen  male  rats,  hypophysectomized  at  the  age  of  GO  days,  were  maintained  for  30 
days  on  Diet  I,*  wet,  with  lettuce,  after  which  time  daily  injections  of  beef  anterior  pituitary 
growth  hormone*  were  begun  in  .seven  rats  and  continued  for  40  days.  The  hormone  was  ad¬ 
ministered  by  intraperitoneal  injection  of  100  /xg-  in  saline  solution.  Control  animals  were 
injected  with  an  equal  volume  of  0.0%  saline  solution.  The  potency  of  the  hormone  was 
such  that  daily  injections  of  10  Mg-  for  10  days,  in  rats  hypophysectomized  at  the  age  of  28 
days,  gave  a  13  gm.  body  weight  increment.  A  total  dose  of  10  mg.  of  this  preparation  (3) 
over  a  four  day  period  gave  no  histological  evidences  of  ACT,  TSH  or  I'SH  in  hypophysec¬ 
tomized  female  rats.  Prior  to  autopsy,  duplicate  white  blood  cell  counts  were  obtained  from 
tail  vein  blood.  The  rats  were  anaesthetized  with  sodium  pentobarbital  (7  mg./lOO  gm.  H.W.) 
and  thoracic  duct  lymph  was  collected  (4)  for  a  one  hour  period.  Cell  counts  and  micro- 
Kjeldahl  estimates  of  total  lymph  protein  were  obtained.  Lymph  nodes,  thymus  and  spleen 
were  excised,  cleaned  and  weighed.  Data  were  analyzed  using  h'isher’s  method  for  small 
samples.  P  values  of  <.()!  are  considered  to  indicate  significant  differences. 

KKSULTS  .\NI)  DISCUSSION' 

On  either  a  ndative  or  absolute  basis,  thymus  and  mesenteric  lymph  notles  were 
(‘iilargi'd  following  growth  hormone  treatment  (Fig.  1).  The  spleen  underwent  a  less 
significant  enlargement.  Cervical  Ivmph  nodes  increased  in  weight,  but  only  in  proimr- 
tion  to  the  increment  in  body  weight. 

Figure  2  shows  body  weight  increase  following  growth  hormone  treatment,  and  jire- 
sents  the  data  showing  increases  in  lymph  flow,  lymphocyte  output  and  lymph  |)rotein 
content,  as  calculated  for  a  24  hour  period. 

Then'  were  no  significant  changes  in  either  total  or  differential  blood  leucocyte  counts 
in  these  animals  as  the  result  of  treatment  with  growth  hormone. 

These  data  are  interpreted  as  indicating  that  beef  pituitary  growth  hormone  is  effec¬ 
tive  in  i)roducing  an  increase  in  weight  of  thymus,  spleen,  mesenteric  lymi)h  nodes,  and 
in  increasing  the  volume  of  lymph  flow,  total  lymphocyte  output,  and  thoracic  duct 
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*  For  composition  of  Diet  I,  see  Fhidocrin.xlogy  48:  537.  1951. 

*  Beef  pituitary  growth  hormone  was  furnished  by  C.  H.  Li. 
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THYMUS  CERVICAL  MESENTERIC  SPLEEN 
NODES  NODES 

Fig.  1.  Relative  weight  ehanges  of  thymus,  spleen,  cervical  and  mesenteric  Ijmph 
nodes,  in  hyi)oplusectomizcd  rats  treated  with  growth  hormone.  The  vertical  bars 
show  ±1  S.E.M. 

lymph  protein  output  in  hypophyscctomized  animals  treated  over  a  redatively  long 
term.  Of  the  tissues  examined,  the  cervical  lymph  nodes  responded  only  in  proportion 
to  body  weight  increase.  This  difference  in  response  has  been  noted  in  previous  experi¬ 
ments  in  which  growth  hormone  was  administered  to  hypophysectomiz('d  rats  paired- 
fed  with  controls  for  10  day  periods  (5).  In  these  experiments,  the  thymus  and  spleen 
enlarged  out  of  proportion  to  the  body  weight  increase,  whereas  the  cervical  lymj)h 
nodes  did  not. 


LYMPH  BODY  LYMPHOCYTE  PROTEIN 
FLOW  WEIGHT  OUTPUT  OUTPUT 


Fig.  2.  Increases  in  thoracic  duct  lymph  flow,  lymphocyte  output  and  lymi)h  protein 
outjiut  (calculated  for  a  24  hour  period),  in  hypo|)hysectomized  rats  treate<l  with  growth 
hormone.  The  vertical  bars  show  +  1  S.E.M. 
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Tlie  i)resi!iit  oxiHTimcHts  show  that  the  increases  in  size  of  the  visceral  lymphatic, 
tissues  are  accompanied  by  incrc'ases  in  thoracic  duct  lymph  flow,  lympliocyte  output  and 
lymph  iwotein  output.  It  is  snfjf'i'sted  that  these  changes  reflect  an  increased  fluid  and 
jirotein  exchanse  and  an  increased  output  and  possibly  increased  utilization  of  lymi)ho- 
cytes  in  the  body  as  a  consecpience  of  growth  hormone  trc'atment.  In  this  sense,  these 
representative  visceral  lymphatic  tissues  may  be  target  organs  for  growth  hormone, 
with  the  implication  from  prior  experiments  (5)  that  the  changes  noted  are  not  neces¬ 
sarily  dependent  on  increas(‘d  food  intake. 
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ABSENCE  OF  AN  EXOPIITHALMOGENIC  SCBSTANCE  IN  TRANS¬ 
PLANTABLE  THA'ROTROPHIN  PRODrClNG  TUMORS  OF  THE 
PITUITARY  OF  MICE 

ABSTRACT 

No  exophthalinogenic  activity  could  be  demonstrated  in  extracts  containing 
large  amounts  of  TSH  from  transjilantablc  pituitary  tumors  of  mice.  This  indicates 
that  TSH  is  different  from  FF. 

It  has  been  known  for  a  long  time  that  extracts  of  the  pituitary  of  stockyard  animals 
produce  exophthalmos  in  a  variety  of  species.  However,  it  is  not  known  with  certainty 
that  the  exophthalmogenic  factor  (EF)  in  pituitary  extracts  is  different  and  separable 
from  the  six  well-recognized  anterior  pituitary  hormones,  especially  thyrotrophin 
(TSH).  Dobyns  and  Steelman  (1)  have  presented  evidence  that  partial  separation  of  the 
exophthalmogenic  and  thyrotrophic  properties  of  pituitary  extracts  can  be  achieved  with 
8%  trichloracetic  acid.  The  purpose  of  this  note  is  to  present  more  conclusive  evidence 
for  the  non-identity  of  EF  and  TSH.  The  evidence  was  obtained  by  an  examination  of 
the  EF  and  TSH  activities  of  extracts  of  transplantable  pituitary  tumors  in  mice. 

Lyophilized  transplantable  TSH  producing  pituitary  tumors  of  tumor  strain  77 D  (2) 
were  extracted  by  percolation  (3).  The  TSH  activitj'  of  the  extract  was  measured  by 
thyroidal  I'^*  depletion  in  baby  chicks  (4)  and  expressed  as  L'.S.P.  units.  EF  activity  of 
the  extract  was  measured  in  Fundulus  heteroclitus  by  observing  the  extent  and  severity 
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Table  1.  The  absence  ok  exophthalmoc.kmc  factor  in  transplantable  pitcitary 

TI  .MORS  IN  MICE 


TSU  i  KK 


Potency 

i 

I )osagc 

Response 

u/nig. 

Mg- 

mu. 

units 

Mouse  tumor  extract 

1 .5 

'  3,000 

4,500 

0 

Tliyrotropar 

1  .0 

10 

10 

1 

of  the  pxoplitlialmos  produced  in  }>;roups  of  five  fish  following  a  sinj^lc  injection  and  ex- 
pressed  as  ariiitrary  exoplithalinogenic  factor  units  (EFC)  (5). 

The  extract  obtained  by  iiercolation  of  the  mouse  pituitary  tumors  was  found  to 
contain  1500  C.S.P.  mu.  'i'SH  per  mu.  This  extract  did  not  iiroduce  exoiihthalmos  in 
Fundulus  in  doses  as  large  as  3  mg.,  or  the  equivalent  of  4500  I'.S.P.  mu.  of  TSII  jier  fish 
(Table  1).  That  this  negative  result  was  not  due  to  the  insensitivity  of  the  fish  was 
demonstrated  by  control  experiments  in  which  a  commercial  jireparation  of  bovine 
TSH  (thyrotropar,  Armour  and  Company)  was  injected.  The  equivalent  of  10  C.S.P. 
mu.  TSH  of  this  preparation  (or  10  ^ig.)  was  found,  at  the  time  of  the.se  experiments,  to 
represent  approximately  1  EFC.  In  ti'rms  of  TSH,  theridorc',  a  dose  of  the  tumor  extract 
which  was  450  times  greati'r  than  that  of  crude  bovine  TSH  (thyrotropar),  did  not  pro¬ 
duce  exojihthalmos. 

The  inability  of  a  potent  thyrotrophin  preparation  from  mouse  pituitary  tumors  to 
jiroduce  exophthalmos  cannot  be  ascribed  to  some  uniipie  species  specificity.  Serial 
section  of  the  floor  of  the  iiharynx  of  Fundulus  gave  histologic  evidence  of  stimulation 
of  the  thyroid  in  animals  injected  with  mouse  tumor  TSH  extract.  Thus,  the  thyro- 
trojihin  of  mouse  pituitary  tumors  was  effective  on  the  thyroid  of  the  fish,  and,  it  is 
unlikely  that  any  EF  in  the  same  extract  would  be  ineffective  on  the  orbital  tissues  of 
the  same  animal  because  of  species  specificity.  It  appears  that  the  inability  of  the  mouse 
jiituitary  tumor  extract  to  produce  exophthalmos  is  due  to  the  absence  or  virtual  ab¬ 
sence  of  EF  in  the  thyrotrophin-rich  ])ituitary  tumor. 
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NOTICES 


APPLICATIONS  FOR  TRAVEL  ALLOTMENTS 
1st  INTERNATIONAL  CONGRESS  OF 
ENDOCRINOLOGY 

The  1st  International  Congress  of  Endocrinology  will  be  held  in  Copen¬ 
hagen,  Denmark,  July  18th  to  28rd,  19()0.  The  Endocrine  Society  has  ob¬ 
tained  funds  to  provide  a  limited  number  of  allotments  in  support  of  travel 
to  the  Congress  for  scientists  residing  in  the  United  States  and  Canada 
who  may  require  such  assistance.  Individual  allotments  will  not  exceed 
•SToO.OO  each. 

Application  for  travel  allotment  should  be  .submitted  in  duplicate  in  the 
form  of  a  letter  giving  information  on  age,  training,  publications,  academic 
or  professional  title  and  .society  affiliation.  Applicants  who  plan  to  submit 
papers  for  pre.sentation  at  the  Congress  should  include  the  propo.sed  title 
of  each  paper.  Such  letters  should  be  submitted  before  November  15,  1959, 
and  should  be  addressed  to  Dr.  H.  H.  Turner,  Secretary,  The  Endocrine 
Society,  1200  North  Walker,  Oklahoma  City  8,  Oklahoma.  Applicants  will 
be  responsible  for  their  own  passports,  registration,  travel  arrangements 
and  hotel  reservations. 

Application  for  a.ssistance  towards  travel  expenses  are  entirely  separate 
from  applications  for  registration  for  the  Congre.ss  and  for  .submi.ssion  of 
papers,  information  on  which  may  be  obtained  by  writing  to  The  Secre¬ 
tariat,  Hormonafdelingen,  Statens  Serumin.stitut,  Copenhagen. 


CONGRESS  OF  THE  PAN  AMERICAN 
MEDICAL  ASSOCIATION 
xMEXICO  CITY,  MAY  2-11,  1960 

Seetion  on  Endocrinology 

.\uthors  wishing  to  present  papers  are  invited  to  submit  titles  and  an 
abstract  in  triplicate,  of  not  more  than  250  words.  Abstracts  must  be  in¬ 
formative  and  must  include  results  and  conclusions.  Please  indicate,  on  one 
copy  of  the  abstracts,  whether  you  will  need  a  slide  projector,  and  what 
size  (3|X4  or  2X2).  Papers  will  be  limited  to  15  minutes.  Technical  infor¬ 
mation  regarding  hotel  re.servations,  transportation,  etc.,  will  be  announced 
by  the  Pan  American  Medical  Association  shortly.  Please  send  abstracts 
to  the  program  chairman  Dr.  Karl  E.  Paschkis,  Jefferson  Medical  College, 
Philadelphia  7,  not  later  than  December  31,  1959. 
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